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A B S T R A C T   

Tungsten (W) is used in a variety of industrial and technological applications and has been identified as a critical 
mineral for the United States, India, the European Union, and other countries. These countries rely on W imports 
mostly from China, which leaves them vulnerable to supply disruption. Consequently, the U.S. government has a 
current initiative to understand domestic resource potential. The eastern Alaska portion of the Yukon-Tanana 
Upland (YTU), is prospective for W skarn deposits, the major source of global W supply. The regional geology 
consists of juxtaposed Paleozoic lithotectonic packages that were reaccreted to North America in the Mesozoic. 
Multiple subsequent episodes of arc-related magmatism intruded the lithotectonic packages, accompanied by W 
skarn formation mostly associated with 100–90 Ma intrusions; major W skarn deposits in Canada are part of the 
same metallogenic event (e.g., Mactung, Cantung). In this paper, we present an assessment for undiscovered W 
skarn resources for parts of the lesser-explored western (Alaskan) portion of the YTU. 

We used GIS proximity analysis to map the intersection of pluton and carbonate-bearing rocks to define three 
permissive tracts for W skarn deposits. The permissive tracts were qualitatively assessed by mineral potential 
mapping using region-wide sediment geochemistry and mineral concentrate datasets. This analysis showed that 
much of the western YTU has high potential for undiscovered W skarn deposits, whereas the eastern and 
southern YTU had only isolated areas of medium to high potential. Historical production and the quality of the 
geochemistry data of the western YTU tract (ca. 9200 km2) permitted a quantitative assessment of undiscovered 
W resources. Probabilistic estimates by a panel of 20 experts predicted a 70% chance of one to three undis-
covered W skarn deposits in the western YTU tract. The rationale for favorability employed by the expert panel 
included favorable lithology, previous production, clustering of previously mined deposits, W placers in the area, 
lack of recent exploration, pan concentrates containing W minerals, and W geochemical anomalies. Estimates 
were combined with a global grade and tonnage model for W skarns in a Monte Carlo simulation and provided a 
median estimate of undiscovered resources of 94 kt WO3. If the undiscovered W skarn deposits are located close 
to infrastructure (e.g., near Fairbanks, or close to roads and/or power grid), application of an economic filter 
indicates that the median total economically recoverable WO3 is 63 kt with a net present value (NPV) of $330 
million USD (2008 dollars). Whereas if deposits are far from infrastructure, median recoverable WO3 is only 30 kt 
and the NPV is $44 million. 

Our models for contained WO3 resources and NPV estimates for the western YTU tract are considerably lower 
than the known resources in skarns in adjacent areas in Canada. Estimates for the western YTU are also lower 
than preliminary estimates for undiscovered W skarn deposits in areas of the western conterminous United 
States. We speculate that lower permeability and continuity of favorable carbonate rock horizons in the relatively 
higher-grade metamorphic country rocks in the Alaska portion of the YTU may explain some of the differences in 
prospectivity. More detailed geologic mapping, modern geochemistry, and geophysical surveys are needed to 
refine the resource potential of the whole YTU. Regardless, quantitative mineral resource assessment provides a 
useful tool for making first-order regional estimates of undiscovered resources, identifying target areas for new 
data acquisition, and guiding research on the fundamental controls of district-scale metallogenic endowments.  
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1. Introduction 

Tungsten (W) is one of the hardest metals, has the highest melting 
point of any pure metal, and is an important alloying agent. It is used in 
the aerospace, defense, energy, and telecommunications and electronics 
sectors. Notable applications include jet engines, catalysts, filaments, 
and cutting and drilling tools. Nearly 60% of W used in the United States 
is for cemented carbide parts for industrial use in wear-resistant appli-
cations (U.S. Geological Survey, 2020a). 

The U.S. Government recently classified W as one of 35 non-fuel 
critical minerals and elements that are strategically important because 
of reliance on imports, relative scarcity, and importance to economic 
and national security (Fortier et al., 2018). Other large countries and 
organizations, including India and the European Union, have also 
identified W as a critical mineral (Gupta et al., 2016; Deloitte Sustain-
ability et al., 2017). 

Tungsten is one of the few commodities on the U.S. critical minerals 
list that can be mined as a primary commodity even despite its average 
crustal abundance relative to other critical commodities. For compari-
son, W is approximately 20 to 50 times less abundant than the rare earth 
elements lanthanum and cerium (~1.4 ppm W and 31.7 ppm La; Hu and 
Gao, 2008; ~64 ppm Ce; Taylor and McLennan, 1985). Despite its 
importance in technology and aerospace applications, no primary W has 
been produced in the United States since 2016. China produced over 
80% of the world’s supply of W in both 2017 and 2018. In 2019, China 
accounted for 70 kt of the 85 kt of W produced globally (approximately 
82.4%), far eclipsing the next two largest producers (Vietnam at 4.8 kt 
(5.6%) and Mongolia at 1.9 kt (2.2%); U.S. Geological Survey, 2020a). 

Several deposit types can host economic W (e.g., Cox and Singer, 
1986); the most commonly exploited W deposit types include skarn, 
vein, and greisen deposits (e.g., British Geological Survey, 2011). His-
torically, however, >70% of the world’s W has been mined from skarn 

Fig. 1. Study area location map. Shaded areas represent land status and claim blocks. Occurrence symbols represent various deposit and occurrence types in the 
study area (Alaska Resource Data File; https://ardf.wr.usgs.gov/index.php). BLM – Bureau of Land Management, NPS – National Park Service, NWR – National 
Wildlife Refuge. 
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deposits (Misra, 2000). Tungsten skarns are known on every continent 
except Antarctica. Notable deposits include King Island, Australia; Sang 
Dong, South Korea; Los Santos, Spain; Shizhuyuan, China; Vostok-2, 
Russia; and Bonfirm and Brejui, Brazil (Green et al., 2020). In North 
America, significant deposits include Pine Creek, California, United 
States, and the Cantung and Mactung deposits, in Northwest Territories 
and Yukon, Canada, respectively (Green et al., 2020). 

In this contribution, we provide an assessment for W skarn resources 
of an 120,000 km2 area of Alaska. The region extends from west of 
Fairbanks to the Canadian border and is bounded by the Tintina and 
Denali faults on the north and south, respectively (Fig. 1). Historical W 
production from skarn deposits was restricted to the Fairbanks area 
(~3.57 kt of WO3; Nokleberg et al., 1987); however, because parts of 
this region have grossly similar geology to the Cantung and Mactung 
deposit areas, potential for additional resources exists. Prior to this 
assessment, the Circle quadrangle (Fig. 1) was the only area assessed for 
W skarn (and Sn greisen) potential in this region (Menzie et al., 1983). 
Other reports have characterized known mineral occurrences but did not 
assess for undiscovered W deposits (e.g., Menzie and Foster, 1978; U.S. 
Bureau of Mines, 1995). 

This assessment incorporates the U.S. Geological Survey (USGS) 
three-part methodology (Singer and Menzie, 2010), integrating existing 
geologic and geochemical data, expert knowledge, a new grade and 
tonnage model (Green et al., 2020), and new economic filters (Shapiro 
and Robinson, 2019). The results and geologic implications of this 
assessment are compared to known endowments and other assessments 
of undiscovered W skarn resources elsewhere in the North American 
Cordillera. 

2. An overview of W-Skarn deposits 

2.1. Deposit model 

Deposits formed in the magmatic-hydrothermal mineral system 
environment account for most global hardrock tungsten production. 
This environment encompasses skarn, vein/stockwork/breccia (VSB), 
porphyry, and disseminated/greisen W deposit types (British Geological 
Survey, 2011). In the magmatic-hydrothermal systems, skarns and VSBs 
are the most economically significant. Major VSB deposits include 
Panasqueira (Portugal) and Xihuashan (China). Most VSB deposits form 
in and/or near granitoid intrusions and vary from high-grade discreet 
veins (lodes) to lower-grade vein stockworks or breccias. Porphyry W 
deposits are similar but are typically associated with shallower, sub-
volcanic intrusions; a major example is Logtung in Canada. Dissemi-
nated/greisen systems can form distinct deposits (e.g., Shizhuyuan, 
China), but this style of mineralized rock can be found in the other de-
posit types. The overlap of these deposit types in the mineral system 
makes compilation of robust grade and tonnage models for each type 
difficult because an individual mine or deposit may include distinct 
orebody morphologies from different parts of the mineral system that 
are mined using different methods and cutoff grades. Consequently, this 
study focuses only on W skarn as it is the most economically significant, 
forms a discreet part of the mineral system, and is the deposit type most 
amenable to assessing using the available datasets in the study area. 

Although skarns can form through reaction of many types of fluids, 
they typically form through contact metamorphism and metasomatism 
of sedimentary or metamorphic rocks along the contact of an igneous 
body, most commonly forming in carbonate-bearing units. Skarns are 
typically classified based upon their dominant calc-silicate mineralogy, 
such that magnesian skarns consist of Mg silicates formed in dolomite 
and calcic skarns consist of Fe–Ca silicates that replace limestone. 
However, from a resource standpoint, skarn deposits can also be clas-
sified by their economic metal content (Meinert, 1992). Major skarn 
deposit types include iron (Fe), gold (Au), copper (Cu), zinc (Zn), mo-
lybdenum (Mo), tin (Sn), and tungsten (W). Besides differences in 
metals, these skarn types may show differences in depth of formation, 

type of causative pluton, and host rock. For further detailed information, 
readers are referred to major reviews including Einaudi et al. (1981), 
Newberry and Einaudi (1981), Newberry and Swanson (1986), Kwak 
(1987), Meinert (1992), and Meinert et al. (2005). 

Generally, W skarns are associated with calc-alkaline, I-type stocks 
related to continental margin orogenic belts (Einaudi et al., 1981), but 
they can also be associated with S-type intrusions. Crustal contamina-
tion is a characteristic feature of the causative pluton, but no correlation 
between deposit size and degree of crustal contamination has been noted 
(Anderson, 1983; Sawkins, 1984). Prolonged magmatic activity occurs 
within orogenic belts, but specific periods are likely to form fertile 
skarns versus barren skarns. For example, late- to post-orogenic mag-
matism is associated with fertile skarn formation in the Variscan 
orogenic belt whereas barren skarns are associated with peak regional 
magmatism (Burisch et al., 2019). Late- to post-orogenic magmatic 
events are of importance for W skarn formation in Canada and in the 
Yukon-Tanana Upland study area. Scheelite-bearing W skarns can be 
associated with a variety of granitoid compositions ranging from diorite 
to granite but are commonly associated with felsic granodiorite and 
granite intrusions. The intrusions themselves are generally coarse 
grained and likely to contain K-feldspar megacrysts that are related to 
the vapor undersaturated conditions of the magma (Swanson, 1977). 
Even though the granitoids generally have low W and water contents, 
they are the source of W in the skarns (Newberry and Swanson, 1986). 
Significant fractional crystallization is thought to concentrate W into the 
remaining magma before being partitioned into a saline fluid exsolved 
late from the evolved magma; Newberry and Swanson (1986) suggest 
that perhaps 99% crystallization would be typical for the igneous rocks 
associated with scheelite skarns and the W content of the residual 
magma could rise to 300 ppm. 

Tungsten skarns are mostly calcic skarns as indicated by the domi-
nance of andraditic garnet or hedenbergitic pyroxene. As noted in de-
posits from the Canadian Cordillera, this is because dolostones inhibit 
the development of W skarns, and hence, magnesian W skarns are rare 
(Ray, 2013). Instead, they commonly form in Ca-rich argillaceous car-
bonate rocks and intercalated beds of carbonate-pelite or carbonate- 
volcanic sequences within high temperature metamorphic aureoles 
surrounding batholiths (Einaudi et al., 1981; Meinert, 1992). Perme-
ability of the host sequence further affects potential formation of an 
economic skarn through the availability of carbonate for reaction. This 
is especially true when impermeable aquitard units, such as hornfels, 
underlie and overlie the reactive unit and force fluids to flow laterally 
through a calcareous layer. Permeability of the host rock may be 
reduced due to an elevated metamorphic grade which would inhibit 
skarn formation. Deformation and structural dismemberment may also 
decrease the lateral continuity–and thereby maximum potential vol-
ume– of carbonate units. 

The textures of the causative pluton (K-feldspar megacrysts, absence 
of porphyry textures) indicate that W skarns form in deeper environ-
ments than other skarns, such as Cu or Zn + Pb skarns. Crystallization 
pressures of >1 kbar, and most with >1.3 kbar, are estimated (Newberry 
and Swanson, 1986). Meinert et al. (2005) concluded that depth of 
formation fundamentally controls the size, geometry, and style of 
alteration associated with skarn deposits. Intrusive contacts at the 
depths where W skarns form are prone to be subparallel to bedding as 
intrusion occurs along bedding planes or as the sedimentary rocks 
deform toward alignment with the intrusive contact. In deeper envi-
ronments where W skarns form, an exoskarn is typically restricted to a 
narrow but vertically extensive zone that forms a shell tens to hundreds 
of meters away from the causative pluton (Meinert, 1992; Dawson, 
1996). However, this generalization has numerous exceptions such as 
the flat-lying ore bodies of Mactung (Dick and Hodgson, 1982) and 
Agylki, eastern Siberia (Soloviev et al., 2020). Ultimately, ore geometry 
is dependent upon the morphology of the reactive host rock. 

Unlike many other types of skarn deposits, W skarns can have either 
reduced (e.g., pyrrhotite and ferrous iron-rich calc-silicates) or more 
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oxidizing (pyrite, andradite garnet, and epidote) mineral assemblages. 
These distinct redox assemblages are partially dependent on depth of 
formation and host rock carbon content (Newberry, 1982). Commonly, 
reduced W skarns tend to be larger than their oxidized counterparts 
(Meinert, 1992). Considering that the W skarns found in the Northwest 
and Yukon Territories are reduced (Dick, 1980), any significant undis-
covered W skarns in eastern Alaska would likely also be reduced in 
nature due to similarities in potential host sequences. The likely reduced 
nature of any undiscovered W skarns is further expected due to the 
presence of reduced W skarns near Fairbanks (e.g., Stepovich mine) and 
the multitude of reduced intrusion-related gold and orogenic gold de-
posits located within these terranes. Carbonaceous wall rocks will tend 
to produce abundant pyrrhotite and calc-silicate minerals such as 
hedenbergite clinopyroxene and almandine garnet as part of the 
assemblage of these reduced scheelite-bearing skarns (Newberry and 
Swanson, 1986). Similar depths of formation, collisional/subduction 
tectonic settings, and Au–W geochemical associations mean that W 
skarns are likely to be found in orogenic Au and reduced intrusion- 
related Au provinces (Thompson et al., 1999; Soloviev et al., 2020) 
such as in the Yukon-Tanana Upland study area. Tungsten skarns have a 
range of geochemical associations that include Sn, Mo, Cu, Be, Bi, Ag, 
Zn, As, Fe, and Mn (Cox, 1986; British Geological Survey, 2011). 

2.2. Grade and tonnage model 

Grade and tonnage models provide analogues for the possible size 
distribution of undiscovered resources of region using the three-part 
form of assessment. The estimation of undiscovered resources requires 
an appropriate grade and tonnage model, preferably using a model that 
incorporates the most recent and best quality data available. The need to 
account for factors such as updates to mineral inventory reporting 
standards, expanded mineral inventories due to additional exploration 
at known deposits (Fig. 2A), and the inclusion of important Chinese 
deposits (which until recently were unknown or poorly described), 
prompted the development of an updated W skarn grade and tonnage 
model (Green et al., 2020) that contains 41 deposits worldwide, 
including 6 deposits in the Yukon and Northwest Territories of Canada 
(Fig. 2). 

To determine if a more specific regional grade and tonnage model 
may be appropriate for application to a given regional study area, testing 
for the presence of statistically distinct sub-populations in the global 
grade and tonnage model is necessary. The absence of Alaskan deposits 
within the global grade and tonnage model resulted in the use of Ca-
nadian deposits in the Yukon and Northwest Territories as a proxy for 
potential Alaskan deposits because they share a similar geological 
setting. We conducted a Student’s t-test statistical analysis to compare 
the means of the populations of log-transformed tonnages and grades of 
the 6 Canadian deposits to the other 55 deposits in the model (Fig. 2B, C) 
to determine if the Canadian deposits’ grades and tonnages are statis-
tically different from other global deposits. Although the tonnages of the 
Canadian deposits are highly variable, the mean is not distinct from the 
set of global deposits. The presence of a statistically distinct set of values 
for grade between the regional Canadian deposits and the global model 
as a whole is not likely to have a significant impact on the estimation of 
undiscovered economic resource potential in the Yukon-Tanana study 
area because the mineral inventory of a deposit is primarily controlled 
by its tonnage, whereas grade values more strongly influence the return 
rates of producers (Singer, 1995). The lack of a statistically distinct 
mean tonnage value between the Canadian deposits and the global 
model is therefore a strong indicator that the global model may be 
appropriately applied in the Alaska Yukon-Tanana study area and that 
the need for a specific regional model does not exist here. 

3. Geologic background 

3.1. Regional geology 

The Yukon-Tanana Upland (YTU) is a complex region made up of late 
Proterozoic(?) and Paleozoic metamorphic rocks and younger intrusive 
rocks, bound to the south by the Denali fault and to the north by the 
Tintina fault (Figs. 3, 4). The YTU consists of two major groups of rock 
assemblages, the allochthonous arc and basinal assemblage of the 
Yukon-Tanana terrane (YTT) and the continental marginal assemblages 
of parautochthonous North America (Fig. 4). The YTT was rifted from 
the North American continent in the Late Devonian and subsequently 
multiply intruded by magmas; the best-exposed igneous rocks are 
Triassic and Early Jurassic (Piercey et al., 2006). The YTT was re- 
accreted to North America over an extended period, from the Permian 
to Jurassic (Mortensen, 1992; Hansen and Dusel-Bacon, 1998; Dusel- 
Bacon et al., 2002; Beranek and Mortensen, 2011). The originally 
inboard parautochthonous North America was impacted by magmatism 
during Devonian rifting, followed by quiescence until the initial re- 
accretion of the YTT. During the Jurassic, the YTT was thrust over the 
landward parautochthonous rocks (Hansen and Dusel-Bacon, 1998; 
Dusel-Bacon et al., 2002, 2015). The thrusting caused regional defor-
mation and metamorphism (Dusel-Bacon et al., 1995; Berman et al., 
2007). Exhumation of rocks from paleodepths of up to 20 km occurred 
regionally during the Cretaceous (Hansen and Dusel-Bacon, 1998; 
Dusel-Bacon et al., 2002). The Fortymile assemblage and associated 
rocks, along with panels of the Ladue River unit are mappable vestiges of 
the YTT (Fig. 4). 

Mapping of the Yukon-Tanana Upland was mostly completed at 
1:250,000 or 1:63,360 scales, with general classification of different 
Paleozoic units compiled by Wilson et al. (2015). Most geologic units in 
the study area are dominated by greenschist to amphibolite facies sili-
ciclastic and/or volcaniclastic rocks. Subordinate limestone/marble 
beds have been recognized but were not systematically mapped across 
the study area in most initial mapping efforts (e.g., Weber et al., 1978; 
Foster, 1976, 1992; Dusel-Bacon et al., 1993), hence are not distin-
guished in the Wilson et al. (2015) compilation. 

We combined compositionally similar geologic rock units of Wilson 
et al. (2015) from individual geologic terranes to create a simplified 
geologic map that approximates the map of Dusel-Bacon et al. (2017). 
Units mapped as predominantly quartzite and quartz-mica schist (e.g., 
Birch Creek schist and informally named Cleary sequence; PzPygs, − qs, 
− qm units of Wilson et al. (2015)) are collectively colored light blue in 
Fig. 4. Keevy Peak Formation and similar units (Pzkp; dominantly 
phyllite, meta-argillite, quartzite, and chert) are colored gray, and 
Totatlanika Schist (schists, augen gneiss, metavolcanic rocks, and 
greenstone) are colored green in Fig. 4. Carbonate units are not 
described in gneiss and orthogneiss-rich units (MDAG and Pzymi) of 
Wilson et al. (2015) (dark blue, Fig. 4). 

The main metamorphic rock units mapped in the allochthonous YTT 
panels, Klondike schist (Pks; pale green) and Fortymile assemblage 
(orange; Fig. 4), also contain carbonate (marble) (Wilson et al., 2015, 
and references therein). Klippe and blocks of obducted oceanic crust and 
related metasedimentary rocks, including the Seventymile terrane and 
Chatinika assemblage (near Fairbanks), are scattered across the region 
with most coherent blocks of Seventymile terrane in the northeast of the 
study area. 

Several periods of arc-related magmatism have impacted the YTU. 
Late Triassic and Early Jurassic intrusions are confined to the YTT in the 
Fortymile River assemblage and related arc and basinal assemblages 
(purples, Fig. 4). Triassic magmatism is restricted to the Taylor Moun-
tain batholith and nearby stocks of diorite and monzodiorite composi-
tion (“Tr,” Fig. 4; Dusel-Bacon et al., 2015, 2017). The Jurassic suite of 
intrusions is somewhat more spatially extensive and has compositions 
that range from monzonite to granite (“eJ”, Fig. 4; Dusel-Bacon et al., 
2015). These relatively old intrusions show variable degrees of foliation 
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imparted during subsequent Jurassic overthrusting events. 
Middle Cretaceous intrusions, which generally postdate thrusting 

and subsequent regional exhumation, are widespread in the para-
utochthonous North American assemblages to the northwest, west, and 
south of the YTT. These intrusions (red – “mKg,” Fig. 4) obscure the 
exact location of faults related to overthrusting by the YTT in the 
Jurassic. Spatially extensive to the east of the Shaw Creek fault, they 
occur only as small isolated bodies to the northwest, including northeast 
of Fairbanks. Compositions span from granodiorite to granite, with calc- 
alkaline and weakly peraluminous character (Hart et al., 2004). 

Late Cretaceous to early Tertiary intrusions (dark pink – “lKg,” Fig. 4) 
are more broadly distributed across the study area, but their individual 
exposures at the surface are smaller than the middle Cretaceous in-
trusions. In the Circle area, the intrusions range mostly from granodio-
rite to syenogranite and are ilmenite dominated, with I-type 
characteristics, similar to middle Cretaceous plutons in the Fairbanks 
area (Newberry et al., 1990). Farther to the east, studied plutons are 
predominantly quartz monzonite, granodiorite, and granite, with local 
syenite bodies; these plutons are metaluminous to weakly peraluminous 
chemistry, likely derived from mildly oxidized, mantle-sourced magmas 
(Dusel-Bacon et al., 2015; Kreiner et al., 2019). Late Cretaceous and 
Tertiary age volcanic rocks are preserved almost exclusively to the east 
of the Mount Harper lineament (Fig. 4). 

The Tintina fault separates the YTU allochthonous and para-
utochthonous rocks from North American cratonic rocks to the north- 
northeast, whereas the Denali fault marks the boundary between the 
YTU rocks with more recently accreted Wrangellia terrane and related 
rocks to the south-southwest (Nelson and Colpron, 2007). Timing of 
initial movement along the faults has been interpreted as Eocene or 
younger for the Tintina fault (Gabrielse et al., 2006). Initial movement 
on the Denali and subsidiary faults likely occurred by the middle 
Cretaceous (e.g., Richter et al., 1975; Miller et al., 2002; Manuszak et al., 
2007; Trop et al., 2020). Based on field studies, both faults record 
dextral displacements ranging from 340 to 450 km. 

A series of northeast-trending lineaments and faults with sinistral 
and oblique-extensional dip-slip displacement cut the study area (e.g., 
Page et al., 1995; Dusel-Bacon and Murphy, 2001; O’Neill et al., 2010; 
Sanchez et al., 2014). These faults are interpreted to be a consequence of 
the dextral shear along the Tintina and Denali faults. O’Neill et al. 
(2010) suggested that the northeast-trending Black Mountain tectonic 
zone was active since the middle Cretaceous, based on geophysical 
breaks and co-location with middle Cretaceous plutons, which could 
indicate middle Cretaceous timing for initial movement of both the 
Tintina and Denali faults. 

The NE-trending faults created displaced structural blocks, as noted 
by Newberry et al. (1998). Mesozoic intrusions are extensively exposed, 

(caption on next column) 

Fig. 2. Aspects of grade and tonnage modeling to the YTU assessment. A) 
Change in contained W values from the Menzie et al. (1992) grade and tonnage 
model (g-t model) to Green et al. (2020) model for selected Canadian W skarn 
deposits. In all four deposits, apparent contained WO3 has increased in more 
recent reporting despite average grade decreasing (except Mactung). Ac-
knowledgements to Graham Lederer (USGS) for producing this fig. B) Distri-
butions and Student’s t-tests for log-transformed average WO3 grades for six 
Canadian W skarn deposits compared to all other W skarn deposits included in 
the global g-t model of Green et al. (2020). Note the contrasting grade distri-
butions in box plots and that the “Each Pair” student’s t ellipses do not overlap 
and the connecting letters report indicate two populations (A and B), indicating 
that Canadian deposits’ grades as a group are statistically distinct (and higher) 
than the remainder of deposits included in the global g-t model of Green et al. 
(2020). C) Distributions of log-transformed tonnage values for the same deposit 
groupings as (B). Log tonnage values are similar and are not statistically 
different between the Canadian and other deposits included in the global g-t 
model, as demonstrated by the co-located “Each Pair” ellipses and the “A” 
classification for both populations in the connecting letters report. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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as well as preserved YTT rocks and Cretaceous and younger volcanic 
rocks to the east of the Mt. Harper lineament, features that are lacking to 
the west (Fig. 4). 

3.2. W deposits in the study area 

Several studies have focused on W skarns and/or their associated 
intrusions in parts of the Yukon-Tanana Upland (Newberry and Swan-
son, 1986; Newberry et al., 1998; Hart et al., 2004). The best-known 
examples of W skarn in the study area are in the Fairbanks area, and 
the Table Mountain and Lucky 13 prospects (Fig. 4, Table 1). 

The Fairbanks district contains 12 known W skarn occurrences and 9 
placer prospects with reported W (Figs. 3, 4; https://mrdata.usgs.gov/ar 
df/). The primary skarn occurrences are northeast of Fairbanks on Pedro 
Dome and Gilmore Dome (Fig. 4). Historical mines on Gilmore Dome 
have the only recorded W production in the YTU. The skarns occur 
within Devonian calcareous units of the informally named Cleary 
sequence (Aleinikoff and Nokleberg, 1989) intruded by the Cretaceous 
(90 Ma; Allegro, 1987) granite and granodiorite of Gilmore and Pedro 
Domes. Thin 0.3- to 2 m-thick marble beds are interbedded with schist 
and quartzite of the Cleary sequence (Byers Jr., 1957; Allegro, 1987). 
The skarns are typically zoned from garnet dominated near the intru-
sive‑carbonate contact outward to pyroxene-garnet to wollastonite- 
idocrase assemblages; the greatest W (scheelite) and Au enrichment is 
in the pyroxene-rich zone (Allegro, 1987; Newberry et al., 1998). The 

grade and nature of the mineralized zones vary from occurrence to 
occurrence. Mineralized zones are irregularly distributed along strike 
and can be localized along structural surfaces or in crosscut stratigraphy 
and are commonly associated with quartz veining (Allegro, 1987). Hall 
(1985) noted four distinct deformational phases in the Fairbanks area, 
lending to the discontinuous nature of the carbonate units in the Cleary 
sequence, and dislocation structures related to the emplacement of the 
Cretaceous plutons host the W skarns. Historical production from the 
Stepovich mine, Gilmore Dome, was 4000 units (40 t) of WO3 (Byers Jr., 
1957); an estimated remaining resource of 20 kt at 0.5–3.6%WO3 was 
reported by Nokleberg et al. (1987). Rocks from the prospects in the 
Fairbanks area commonly contain elevated concentrations of Cu, Pb, Zn, 
Ag, Mo, Sn, As, and F as well as W (Allegro, 1987, Appendix IV). 

Several Au-bearing W skarns have been identified at Table Mountain, 
160 km northeast of Fairbanks (Fig. 4). These mostly small (60 × 75 m) 
W–Au skarns share similar alteration, mineralization assemblages, and 
host rocks as the W skarn in the Fairbanks area (Allegro, 1987; Newberry 
et al., 1987). They are interpreted to be genetically related to the nearby 
middle Cretaceous Mt. Pinnell pluton (Newberry et al., 1987). Calcar-
eous and calc-silicate rock samples from reconnaissance sampling in the 
Table Mountain area contained up to 500 ppm W (Foster et al., 1983; 
Menzie et al., 1983), and stream sediment heavy mineral concentrate 
mineralogy and chemistry indicate a broad distribution of scheelite and 
W (Tripp et al., 1986, plates 1 and 2). Eleven composite samples from 
trenches in the skarn occurrence have average reported values of 

Fig. 3. Simplified map of parts of eastern Alaska, and Yukon and Northwest Territories (NWT), Canada, showing major tectonic elements, distributions of middle 
Cretaceous magnetite-, weak magnetite-, and ilmenite-series intrusions, and locations of major W skarn deposits/prospects. Note the association of W skarn with 
reduced, ilmenite series intrusions in YTU and equivalent rocks. Modified after Hart et al. (2004). Abbreviations for deposits/prospects as follows: in Alaska—FA – 
Fairbanks area, TM – Table Mountain, L13 – Lucky 13; in Canada—RG – Mar/Ray Gulch, MT – Mactung, CT – Cantung. 
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1041 ppm W, 91 ppm Cu, 157 ppm Sn, 234 ppm Zn, and 96 ppb Au 
(Newberry et al., 1987). Unaltered-unmineralized Tertiary rhyolite 
dikes cut the skarn (Newberry et al., 1987). Tertiary and Cretaceous 
plutons to the west, including Lime Peak (57 Ma), Quartz Creek (66 Ma), 
Mt. Prindle (60 Ma), and Pinnell Trail (90 Ma) (Newberry et al., 1987) 
contain occurrences with combinations of elevated Sn, W, Au, and/or 
Sb. Table Mountain is northwest of the regional left lateral Swamp 
Saddle fault (Newberry et al., 1987). Gold occurrences in the area are 
noted to be associated with structure; however, there is no description of 
structure in relation to the W-bearing skarns (Menzie et al., 1983; 
Menzie et al., 1987). 

The Lucky 13 skarns are located approximately 200 km southeast of 
Fairbanks (Figs. 3, 4). The skarns occur in a roof pendant of calc-silicate- 
and siliceous-marble-bearing gneisses and amphibolites along the 
margin of a 94.2 ± 0.3 Ma quartz monzonite (Huskey, 1981; Newberry 
et al., 1998). Though the calc-silicate rock units are volumetrically 
minor, most contain at least minor scheelite and chalcopyrite in banded 
to massive skarns consisting of scheelite, pyrite, pyrrhotite, chalcopy-
rite, and minor molybdenite as well as garnet, pyroxene, epidote, and 
quartz (Union Carbide Corp., 1979). Amphibolite locally contains 
scheelite associated with pyrite, pyrrhotite, chalcopyrite, galena, and 
sphalerite. Many of the skarns around Mt. Good are small (>3 m thick), 
irregular, and discontinuous. The largest body is ~75x5x9 m in size and 
contains as much as 4.16% WO3; three pods within this body average 

1.5% WO3. An historical aggregated resource estimate was ca. 20 kt of 
1.5% WO3 (Union Carbide Corp., 1979). Based on drilling, skarn may be 
steeply dipping (~60 degrees; Huskey, 1981), with additional skarn or 
porphyry potential below the depth of drilling (Hughes and Siems, 
1980). 

In contrast to the limited number and size of known and exploited W 
skarns in eastern Alaska, significant W skarn deposits occur in the Yukon 
and westernmost Northwest Territories, Canada (Fig. 3; Table 1). Some 
of these deposits occur in rocks that generally correlate to those of the 
Fairbanks area–with similar intrusion chemistry, structure, and miner-
alization styles–suggesting that the rocks in the Fairbanks area and the 
Yukon were adjacent to one another before the Cretaceous to early 
Tertiary offset of the Tintina fault (Engebretson et al., 1985; Hart et al., 
2004; Mair et al., 2006). Six deposits, including Cantung, Mactung, 
Lened, Mar/Ray Gulch (RG), Bailey, and Risby deposits, are sufficiently 
delineated to be included in the Green et al. (2020) grade and tonnage 
model for W Skarns (Table 1). Cantung, Mactung, and Lened (along with 
the Clea prospect) (Fig. 3) lie along the transition between the Selwyn 
Basin clastic rocks and carbonates of the Mackenzie Platform, the latter 
of which contains appreciable limestone, a feature absent from the 
Alaska study area. Three of the deposits occur a little farther to the west 
in Selwyn Basin (Mar/Ray Gulch (RG in Fig. 3) and Bailey) and the 
Cassiar Platform (Risby). The skarns are all associated with ~middle 
Cretaceous ilmenite-series to weak magnetite-series granite to 

Fig. 4. Generalized geology of the Yukon-Tanana Upland with locations of known W and other skarn occurrences/deposits. Igneous rocks include Triassic (Tr), Early 
Jurassic (eJ), middle Cretaceous (mKg), latest Cretaceous to early Tertiary (lKg), and Tertiary (Tg). Volcanic units are colored by age but with outline in light gray (e. 
g., Tv). Quadrangle boundaries are shown for reference. Modified from Wilson et al. (2015) and Dusel-Bacon et al. (2017). 
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granodiorite plutons (Godwin et al., 1980; Mathieson and Clark, 1984; 
Anderson and Baker, 1986; Glover and Burson, 1986; Lennan, 1986; 
Deklerk, 2003; Hart et al., 2004; LaCroix and Cook, 2007; Delaney and 
Bakker, 2014). Although the assessment area lacks the thick carbonate- 
bearing units like those of the Mackenzie Platform, the presence of 
similar intrusive suites as along the trend in Canada strongly suggests 
additional potential for this deposit type in the YTU. 

4. Materials and methods 

4.1. Overview 

Assessing undiscovered resource potential is strongly dependent on 
the quality of data available. Due to heterogeneity of data quality and 
density in the YTU, we utilize both qualitative and quantitative methods. 
For the entire study area, we qualitatively assessed W skarn potential 
using the mineral potential mapping methods of Jones III et al. (2015) 
and Karl et al. (2016). Additionally, the USGS three-part form of 
assessment coupled with economic filters is used to quantitatively assess 
the western YTU where data density and geologic constraints are most 
significant. 

The workflow for the USGS three-part form of assessment encom-
passes the following phases. The first phase is delineation of lithologies 
that allow for the deposit type of interest using a defined mineral deposit 
model (Fig. 5A). Regional geological and geochemical data are compiled 
and evaluated (Fig. 5B, C). Mineral system and deposit models are used 
to determine mappable criteria that can be used to select favorable rock 
types from the input map datasets to outline permissive tracts for a 
particular deposit type (Fig. 5D). Next, using a global grade and tonnage 
model for the deposit type and information about past and current 
production and exploration in the assessment area, experts estimate the 

number of undiscovered deposits that may be present in the tract at the 
90th, 50th, and 10th percentiles of probability (Fig. 5E, F). Monte Carlo 
simulation is used to combine the tonnage, grade, and undiscovered 
deposit distributions to give a probabilistic estimate for the in-place 
amount of undiscovered WO3 (Fig. 5G; MapMark4; Ellefsen, 2017a, 
2017b). In addition, a range of total and economically recoverable 
contained resources that may be present in the undiscovered deposits is 
modeled using the Resource Assessment Economic Filter (RAEF; Shapiro 
and Robinson, 2019). The following sections describe the datasets used 
to define the permissive tracts for W skarn deposits and the procedures 
for the qualitative assessment of the entire study area and for the 
quantitative assessment of the western YTU tract. 

4.2. Input data 

4.2.1. Geologic maps 
Geologic maps are the primary dataset used to delineate permissive 

tracts (Fig. 5B). In Alaska, most published maps are 1:250,000 recon-
naissance scale; few are larger scale and more detailed. These maps were 
compiled and correlated in the digital Geologic Map of Alaska and 
database (GMA; doi:https://doi.org/10.3133/sim3340; Wilson et al., 
2015). The digital GMA database comprises a vector feature class (the 
map) and eight associated data tables of different types of geologic in-
formation. The geologic data directly attributed in the map polygon 
features are limited, and the database is structured such that queries for 
specific rock types or mapped units are made in the related tables and 
“pushed” to the map feature class through a related field called 
NSACLASS. 

The GMA database also includes compiled geochronological data 
from rock samples across the state. While these point data were not used 
in the permissive tract delineation process, they were plotted and 

Table 1 
Example W skarn deposits of the assessment area and northwest Canada.  

Deposit Pluton Age Stratigraphic unit Skarn assemblage Resource Status 

Alaska Examples 

1 Fairbanks area 90 Ma Cleary sequence garnet-dominated to pyroxene-garnet to 
wollastonite-idocrase assemblages 

20,000 t at 0.5–3.6% 
WO3 

Past Producer 

2 Table Mountain 90 Ma Cleary sequence equiv. 
garnet, clinopyroxene, chlorite, and 
amphibole skarn minerals; rare pyroxene- 
pyrrhotite rich skarn 

None reported Undeveloped 

3 Lucky 13 94.2 Ma Paleozoic parautochthonous strata 
Scheelite, pyrite, pyrrhotite, chalcopyrite, and 
minor molybdenite, garnet, pyroxene, 
epidote, and quartz 

~18,000 t @ 1.5% WO3 Undeveloped  

Canadian Examples 

4 Mactung 
97.5 Ma (Re–Os) 
92.1 Ma (U–Pb) 

Cambrian to Ordovician limestone 
of the Selwyn Basin and Mackenzie 
Platform 

garnet-pyroxene and pyroxene-pyrrhotite and 
scheelite mostly associated with pyrrhotite 

44,900,000 t @0.85% 
WO3* 

Feasibility 

5 Cantung 95 Ma 
Early Cambrian limestone of the 
Selwyn Basin and Mackenzie 
Platform 

pyrrhotite or calc-silicate skarn with 
pyroxene, diopside, garnet, actinolite, biotite, 
scheelite, +/− chalcopyrite, sphalerite 

10,797,000 t @ 1.2% 
WO3* 

Past 
Producer/ 
Inactive 

6 Lened ~93 Ma 
lower Paleozoic carbonate sequence 
of the Selwyn Basin and Mackenzie 
Platform 

scheelite in biotite-pyrrhotite facies; minor 
scheelite in garnet-pyroxene facies 

750,000 t @ ~1.17% 
WO3* Undeveloped 

7 Clea ~93 Ma 
Cambrian to Ordovician limestone 
of the Selwyn Basin and Mackenzie 
Platform 

scheelite in sulfide-rich or calc-silicate skarn, 
with zones of pyrite, pyrrhotite, chalcopyrite, 
and minor sphalerite and bornite. 

0.46% WO3 over 0.7 m 
and 0.19% WO3 over 
2.6 m 

Undeveloped 

8 
Mar/Ray Gulch 
(RG) 

95 Ma 
Neoproterozoic to Early Cambrian 
metasediments of the Selwyn Basin 

clinopyroxene, plagioclase, quartz, grossular 
garnet, scheelite, calcite +/− amphibole 

14,000,000 t @ 
~0.31% WO3* 

Undeveloped 

9 Risby 103 Ma 
Neoproterozoic to Cambrian 
carbonates of the Cassiar Platform 

scheelite in garnet-rich diopside skarn with 
pyrrhotite, actinolite, and minor pyrite, 
chalcopyrite +/− molybdenite 

8,537,000 t @ 0.48% 
WO3* Undeveloped 

10 Bailey middle 
Cretaceous 

Devonian-Mississippian 
metasediments of the Selwyn Basin 

proximal pyroxene-pyrrhotite-scheelite- 
chalcopyrite; 
distal garnet-pyroxene+/− magnetite 

405,000 t @ ~1% 
WO3* 

Undeveloped 

References: 1) Allegro, 1987; Nokleberg et al., 1987. 2) Newberry et al., 1987. 3) Union Carbide Corp., 1979; Huskey, 1981; Newberry et al., 1998. 4) Dick and 
Hodgson, 1982; Anderson and Baker, 1986; Selby et al., 2002; LaCroix and Cook, 2007. 5) Mathieson and Clark, 1984; Bowman et al., 1985; Sinclair, 1986; Hart et al., 
2004; Fitzpatrick and Bakker, 2011; Rasmussen et al., 2011; Delaney and Bakker, 2014. 6) Dick and Hodgson, 1982; Glover and Burson, 1986; Nokleberg et al., 2005. 
7) Thompson, 1978; Dick, 1980; Godwin et al., 1980; Dick and Hodgson, 1982; Sinclair, 1986; http://data.geology.gov.yk.ca/Occurrence/13385. 8) Lennan, 1986; 
Brown et al., 2002. 9) Berdahl, 2004; Nokleberg et al., 2005; Desautels et al., 2007. 10) Way, 1974; Dawson and Dick, 1978; Deklerk, 2003. *Green et al., 2020 
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analyzed to help identify spatiotemporal trends in plutonism and 
mineralization that might indicate underlying regional differences in W 
skarn potential. 

4.2.2. Mineral site data 
The Alaska Resource Data File (ARDF; https://ardf.wr.usgs.gov/ 

index.php), which summarizes all known mineral sites in Alaska, was 
used as the source for locating and describing W-bearing mines, pros-
pects, and occurrences (Fig. 5B). Within the nine assessed quadrangles, a 

total of 163 sites that contained W as a commodity were individually 
evaluated for deposit type classification; missing, outdated, or incorrect 
deposit type information was updated. Of the 163 sites, W was consid-
ered a main commodity in ~40 sites coded as skarn, porphyry Mo, 
pegmatite, orogenic gold, or placer. 

Mineral sites for which W is a main commodity were ranked for their 
significance based on the criteria shown in Table 2. The highest possible 
rank is 10, which would be assigned to W skarn deposits with a National 
Instrument (NI) 43–101- or Joint Ore Reserves Committee (JORC)- 

Fig. 5. Workflow of the three-part form of assessment coupled with quantitative and economic resource analysis. Data input and tract delineations phase: A) The 
deposit model is defined - see Section 2.1. B) and C) datasets are compiled and analyzed. D) An output map of permissive tracts is created with permissive tracts 
scored by potential and certainty, the qualitative result of the assessment. Assessment phase: E) Undiscovered deposits estimate: With a grade and tonnage model for 
W skarns defined, the research group reviews the data and scored tracts to estimate the number of unknown deposits that may exist in the tract at the 90th, 50th, and 
10th probability percentile (https://www.canstockphoto.com/geologist-6162638.html). F) Grade/Tonnage model defines the endowment of known global deposits 
(Green et al., 2020). Analysis phase: G) Quantitative and economic resource analysis using the MAP MARK4 simulation combines tonnage, grade, and the number of 
undiscovered deposits to estimate the potential amount of contained metal, and RAEF runs engineering mine cost analyses. It estimates potentially recoverable 
resource based on deposit type, grade, tonnage, depth, and regional production cost. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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compliant tungsten resource definition. The lowest rank is 1, which 
includes lode or placer prospects or occurrences that may be related to a 
W skarn mineral deposit. No sites in the study have a defined W resource 
(rank 10), but four past producing W skarns located in the vicinity of the 
Fort Knox gold mine were given the next highest ranking of 5. For 
assessment purposes, the locations of lode W skarn deposits are 
considered the most important; placer deposits were considered as 
vectors toward potential deposits. 

4.2.3. Geochemical and mineralogical data 
The geochemical datasets used in this assessment (Fig. 5C) are 

derived from the USGS Alaska Geochemical Database 3.0 (AGDB3; 
Granitto et al., 2019), which contains data for samples of geological 
materials collected across Alaska. The AGDB3 is the most recent 
compilation of new and legacy geochemical analyses of rock, stream 
sediment (hereafter called, “sediment samples”), soil, mineral, and 
heavy-mineral concentrate (HMC) samples in the state. Within the YTU 
study area, the AGDB3 includes geochemical analyses of ca. 19,800 rock 
samples, 20,000 sediment samples, and 7500 HMC samples collected 
between the 1960s and 2017 and prepared according to various USGS 
standard methods (Granitto et al., 2019, and references therein). The 
geochemical and mineralogical data in AGDB3 were analyzed and syn-
thesized into a geodatabase for this assessment. Soil and mineral 
geochemical samples were excluded due to extremely sparse coverage in 
the study area. 

Many samples in the AGDB3 datasets were analyzed by more than 
one method; consequently, these samples have multiple concentration 
determinations for some elements. To minimize the complexity inherent 
in multiple determinations for individual elements, a single ‘best value’ 
concentration was identified for each element in each sample. The best 
value for an element was determined by ranking each combination of 
digestion and analytical method based on its suitability for that element. 
As an example, for a sample with multiple ICP-MS analyses for W–one a 
partial digestion (e.g., aqua regia) and one a total digestion/decompo-
sition (e.g., fusion)– only the determination from the total digestion 
analysis is used in the concentration field of the table. Granitto et al. 
(2019) provide a more detailed description of the ranking criteria for the 
analytical methods and how they were used to determine best values. 
Most of the best value determinations for W and Sn in the study area 
were made via either six-step semi-quantitative direct arc-emission 
spectrography (ES_SQ), neutron activation (NA; mainly used in Na-
tional Uranium Resource Evaluation samples), or energy-dispersive X- 
ray fluorescence spectrometry (EDX). These methods generally have 
high detection limits (DLs) for W and Sn (2–200 ppm). <30% were 
analyzed via more modern methods that have lower detection limits 
(<1 ppm) (e.g., inductively coupled plasma-mass spectrometry [ICP- 
MS] after Li-borate fusion [MS_Fuse] and ICP-MS after four-acid 
digest). All of these methods are quantitative except ES_SQ, which is 

semi-quantitative. Information about the individual analytical and 
digestion methods and their range of detection limits for each element 
are documented in Granitto et al. (2019). About 80 stream sediment 
samples from AGDB3 in the study area were reanalyzed in 2019 via ICP- 
optical emission spectroscopy (OES) following Na-peroxide fusion 
(Wang et al., 2021) and included in this assessment. Cox (1986) listed W 
skarn deposit trace element chemistry to include W, Mo, Zn, Cu, Sn, Bi, 
As, Fe, and Mn. Due to the variety of analytical methods, inconsistencies 
in the element suite analyzed, and variability in detection limits between 
analytical procedures, only Sn and W were used in the assessment. 
Additionally, Bi, As, Zn, and Cu are more indicative of other deposit 
types. 

In addition to the geochemical samples, the database also contains 
mineralogical data, including reported occurrences of scheelite and 
cassiterite, from about 2200 non-magnetic heavy-mineral concentrate 
samples in the study area. Mineralogy for these samples was determined 
visually and reported qualitatively as ‘present’ or ‘abundant,’ or semi- 
quantitatively as relative percent abundance. 

4.2.4. Geophysics 
Publicly available geophysical data for the assessment area include 

airborne magnetics and surface gravity. Airborne magnetic data are 
from a NOAA compilation by Miles et al. (2017). Gravity data are from a 
compilation of Alaska Gravity Data and Historical Reports database 
(Saltus et al., 2008) and the BGI World Gravity Map (WGM) (Bonvalot 
et al., 2012). These data types provide petrophysical evidence that may 
be associated with W deposits. 

The Free Air Anomaly (FAA) gravity data show a positive correlation 
with known W mineralized sites, but these data are also highly corre-
lated with topography. The Complete Bouguer Anomaly (CBA) map 
shows no anomalies in the study area that correlate with known W 
skarns after topographic effects are corrected and the CBA is gridded and 
plotted. 

The merged airborne magnetic datasets were processed to enhance 
magnetic contrasts caused by structures, magnetite-bearing alteration, 
or igneous bodies. Processed reduced to pole magnetic data delineate 
structures under cover. In these areas, the geophysics were used to 
modify geologic contacts when creating the regional geologic map 
(Wilson et al., 2015, and references therein). Specific to the assessment, 
mineralized zones <1 km in depth were considered and data were 
further processed using the analytic signal and local wavenumber 
(Nabighian, 1972; Phillips, 2002; Pilkington and Keating, 2006) to 
enhance shallow igneous intrusions. Unfortunately, the mappable in-
trusions do not consistently correlate with known W skarn occurrences. 
Due to low resolution it is impossible to separate geophysically anom-
alous zones of the older W-related igneous bodies from the often- 
coincident younger intrusive suites using the magnetic data alone. 
Higher-resolution data are necessary to better incorporate geophysics 
directly into any future assessments of regional mineral potential. 

4.3. Delineation of permissive tracts 

W skarn-related mineral systems and W skarn descriptive models 
were used to identify salient geologic characteristics that could be 
extracted as mappable criteria from the digital GMA and geochemical 
databases to create permissive tracts. The key criterion that defines the 
permissive tract is the intersection of carbonate-bearing sedimentary/ 
metasedimentary rocks with differentiated felsic granitoids. We chose to 
focus on carbonate-bearing rocks because they are by far the most 
favorable country rock type for skarns, including known occurrences in 
the study area. The type of granitoid intrusion for the purposes of this 
study is deliberately broad. Ideally, other information about the felsic 
intrusions–their composition, emplacement depth, and exposure level– 
would allow unfavorable granitoids to be excluded. However, due to 
poor exposure and coarse-mapping resolution in the study area, the 
precise spatial extent and composition of granitoid and carbonate rock 

Table 2 
Site ranking criteria used to assess importance of W-bearing localities.  

Rank Deposit Type Criteria  

10 

Skarn 

Known deposit with reliably identified W 
resources  

5 
Past W producer or explored prospect 
with some resource data  

4 

Past W producer or prospect with no 
resource data or data suggest low grade or 
too small. May have been mined for a 
different commodity.  

3 W skarn occurrence with no resource data 
available  

2 Other W deposit type 
(porphyry, orogenic, 
pegmatite, placer) 

Prospect or occurrence with W; scheelite 
mentioned among minerals present  

1 
Prospect or occurrence with W. Placer 
could be related to an upstream W skarn 
site  
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types are difficult to determine. For this reason, an inclusive approach, 
using all mapped granitoid intrusions, was taken to generate permissive 
tracts in this assessment. 

Using GIS software, the permissive tracts were generated by creating 
a 2 km buffer around the intersections of carbonate-bearing rocks and 
granitoids. Carbonate-bearing rock packages were selected by using 
both the nsaunits and nsalith tables in the GMA database. The full list of 
keywords from both tables is shown in Supplementary Data A. The 
nsalith table contains hierarchical rock type classifications that range 
from general classes such as igneous in field LITH1 to more specific 
names like syenogranite in field LITH5. This table has a one-to-many 
relationship with the map feature class; therefore, a map feature may 
have multiple nsalith rock types. The fields LITH2, LITH3, and LITH4 
were searched for carbonate rock type keywords such as limestone and 
marble, but not dolostone; LITH5 was excluded because it is mostly 
empty. The nsaunits table contains detailed stratigraphic unit de-
scriptions taken from the source maps. The nsaunits table has a one-to- 
one relationship with the map; each polygon has only one associated 
stratigraphic unit. The field DESCRIPTION was searched in nsaunits for 
permutations of carbonate rock types, along with keywords such as 
skarn and calc-silicate that imply carbonate protoliths. 

Granitoids were selected by querying rock type names (see Sup. A 
keywords) from both LITH3 in nsalith, and SPECIFIC_NAME from 
igneous samples in the rock geochemistry (rock_BV) table in the AGDB3. 
Although W skarn systems are typically associated with more evolved 
granite compositions, information on the mineralogy, geochemistry, and 
precise rock type are often missing for intrusive complexes mapped at 
1:250,000 scale. Therefore, to be inclusive in favorable intrusive rock 
delineation, all granitoid rock types present in nsalith and rock_BV were 
selected. The rock_BV point dataset was included to help compensate for 
such coarse mapping, as many of the intrusions sampled for lith-
ogeochemistry were not mapped. Due to the variation in geochemical 
analytical methods and the lack of major-element data for many rock 
samples, rock geochemistry was not used for selecting permissive in-
trusions. The output selections of carbonate rocks were filtered to 
remove any rocks younger than Cretaceous. Next, buffers were created 
around polygons of both selections. Buffering rock contacts accounts for 
potential variability in the distance between a deposit and the 
carbonate-intrusive rock contact, for subsurface extensions, and for to-
pological mapping errors. A 2 km buffering distance was chosen because 
this encompasses the spatial extent of W skarn mineral sites around the 
Gilmore Dome pluton and is compatible with plausible extent in the 
deposit model. An initial “prototract” was then generated by intersecting 
the buffered carbonate and intrusive rock layers using GIS tools. Ag-
gregation and smoothing GIS tools (see Sup. B for parameters) were 
applied to the prototract to eliminate buffering artifacts and join prox-
imal but isolated tracts that are likely to be continuous. 

4.4. Mineral potential mapping methods 

An automated Python script (Supplementary Data D) was developed 
to score for mineral potential using expert-defined scoring parameters 
and weights applied to the AGDB3 and ARDF datasets to qualitatively 
assess potential for W skarn mineralization within the permissive tracts 
across the entire study area. The conceptual workflow and parameters of 
the automated script are described here and the general approach fol-
lows that of Jones III et al. (2015) and Karl et al. (2016), which utilizes 
watersheds defined in the National Watershed Boundary Dataset 
(NWBD; U.S. Geological Survey and Dept. of Agriculture, 2013) as the 
basis of mapping mineral potential. The NWBD defines multiple levels of 
drainage basins. The most appropriate drainage-basin level for this 
assessment is level 6, formerly called a subwatershed, which averages 
100 km2 in area. Each level 6 drainage basin is designated by a 12-digit 
Hydrologic Unit Code (HUC); hereafter, these subwatersheds are 
referred to as HUCs or stream drainage areas. The choice of HUCs en-
ables mapped potential to be more naturally represented, particularly in 

the context of stream sediment geochemical samples that primarily 
drive scoring and are unsuitable for gridding. 

Tract HUCs were scored in two parts. First, if the HUC contained one 
or more W-bearing ARDF mineral sites, it received the ranking value 
(Table 2) of the highest-ranked ARDF site present multiplied by 2. The 
multiplication allows the ARDF score to be weighted appropriately with 
respect to the geochemical scoring. Second, W and Sn concentrations 
from stream sediment, rock, or HMC geochemical samples were queried, 
along with relative abundances of scheelite and cassiterite in HMC 
mineralogical samples. The mixed-method nature of the geochemical 
datasets makes it difficult to apply conventional statistical methods for 
determining regional background and anomaly values for W and Sn, 
particularly because the DL of the most common methods is 
>10 ppm–nearly 10 times higher than the average crustal abundance of 
W. For this reason, we chose 20 ppm (2× the DL) as the minimum 
threshold for an anomaly. The concentrations and relative abundances 
were binned for scoring, such that a HUC would receive 4 points for 
having a geochemical sample with 20–50 ppm W (anomaly), 6 for 
50–100 ppm (2.5× anomaly), and 10 for >100 ppm (5× anomaly). The 
median values of W concentration in the study area are comparable for 
stream sediments (5 ppm) and rocks (3 ppm), so the same thresholds and 
bin multiples are used. Tin received slightly less weighting as it is 
associated with, but does not guarantee, W enrichment. The high 
thresholds were chosen due to the prevalence of ES_SQ, EDX, and NA 
data, all of which have high DLs, in the study area. For the HMC 
mineralogical data, qualitative terms such as “Abundant” were binned 
together with semi-quantitative abundances (>5%, > 50 grains). Data 
for other W indicators—e.g., Mo, As, Bi, Be—were lacking and not 
considered in the scoring process. To limit false positives and false 
negatives resulting from sampling bias, only the highest score from these 
geochemical and mineralogical subsets was used. Certainty of potential 
was estimated by ranking each dataset on a scale of 2–5. The HMC 
mineralogy dataset provided the least certainty (i.e., rank 2), and the 
ARDF dataset provided the most (i.e., rank 5). The overall certainty 
score for a given HUC is the sum of the certainty ranking of ARDF and 
the certainty ranking of whichever geochemical or mineralogical dataset 
contributed to potential score for the HUC. The Supplementary Data C 
section shows the detailed scoring parameters for potential and 
certainty. 

4.5. Quantitative assessment and economic filtering 

The quantitative portion of this work applies the last phase of the 
three-part form of assessment that uses expert estimates at the 90th, 
50th, and 10th percentiles to produce a probability distribution of the 
number of undiscovered deposits that may be present in the tract along 
with quantitative and economic resource analysis. In MapMark4, Monte 
Carlo simulation is then used to combine the distribution of undiscov-
ered deposits with grades and tonnages from the global grade and 
tonnage model to produce a probability distribution of the amount of 
contained metal in the tract. Finally, in addition to the determination of 
regional resource potential, this quantitative assessment applies the 
recently developed Resource Assessment Economic Filter (RAEF; Sha-
piro and Robinson, 2019), a graphical user interface tool that applies a 
set of mine cost equations to the undiscovered deposits, to constrain the 
value of undiscovered resource that may be economically recoverable. 
The assessment team concluded that only the western YTU sub-tract (see 
Section 5.1) was sufficiently data rich to warrant quantitative 
assessment. 

The total number of undiscovered deposits in a permissive tract is 
estimated through the Delphi-expert elicitation method. For the pur-
poses of this study, a ‘deposit’ is a site with a well-characterized mineral 
resource estimate, whose size and grade falls within the range of de-
posits in the global W skarn grade and tonnage model (Green et al., 
2020). Deposits that are ‘unknown’ or ‘undiscovered’ can include de-
posits that have yet to be discovered, as well as known prospects and 
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occurrences that may be upgraded to deposits through additional dril-
ling and resource delineation. A total of 20 USGS geologists, all involved 
in assessing W skarn potential in areas across the U.S., provided esti-
mates of numbers of undiscovered deposits <500 m below the surface at 
levels of certainty of 90%, 50%, and 10%. To make the estimates of 
undiscovered deposits in the tract, the geologists evaluated the geologic 
map, stream sediment chemistry, pan concentrate mineralogy, and 
known mineral sites. After a preliminary round of estimations, the 
geoscientists discussed key factors that went into their estimations and a 
second (final) round of estimations was made. For statistical purposes, 
the most weight (1) was given to estimates from those individuals with 
more first-hand experience studying the geology of eastern Alaska and 
those with extensive experience in quantitative assessments; estimates 
of the others received a weight of 0.5. Using the MapMark4 R package 
(Ellefsen, 2017a, 2017b), these estimates were used to derive a negative 
binomial probability mass function of undiscovered deposits. A negative 
binomial distribution is assumed because of the discrete nature of the 
data. 

To quantify a probabilistic range of the amount of undiscovered 
resource that may be present, a Monte Carlo simulation (n = 20,000) is 
executed in the MapMark4 computer program with the grade and 
tonnage model and expert estimates as inputs (Ellefsen, 2017a, 2017b). 
Based on the probability distribution of the number of undiscovered 
deposits, the simulation randomly samples the global grade and tonnage 
model to generate a probability density distribution of total ore tonnages 
and contained WO3 that may be present in the tract. 

Cost of mining, metal prices, and other factors must be considered to 
realistically estimate the economic value of in-ground undiscovered 
resources in a tract. We used the Resource Assessment Economic Filter 
(RAEF), a R software package designed to provide an economic filter of 
undiscovered mineral resource estimates by using mine, mill, and mine 
waste cost models appropriate for the deposit type under consideration. 
The Monte Carlo simulation results derived from MapMark4 provide the 
input for the RAEF program (Singer and Menzie, 2010; Ellefsen, 2017a, 
2017b; Shapiro, 2018). The software algorithms and default parameter 
values for RAEF are discussed in detail in Shapiro and Robinson (2019). 
Certain mining and economic factors are assumed to apply to any po-
tential W skarn mines in the study area (Table 3), namely, the use of a 
flotation mill and tailings pond and dam with liner, and ~ 350 day/yr 
operation. It is also assumed that potential undiscovered deposits are 
evenly distributed down to the assessment depth of 500 m and that 
orebodies deeper than 60 m will be mined via underground methods. 
The economic Marshall-Swift cost updating index, the composite of 
changes in raw material, energy, labor, and construction costs for the 
mining industry, and investment rate of return parameters are set to 
their default values (Shapiro and Robinson, 2019) as no foreseen shift in 

cost are considered for the area. Based on recommendations made by 
Green et al. (2020), the 20-year average commodity value for WO3 is 
$26,500 (2008 dollars), and a typical metallurgical recovery rate for the 
flotation process is assumed to be 75%. 

Mining and economic factors in RAEF that may vary within the tract 
or between possible deposits are the orebody morphology and capital 
and operating cost inflation factors. The morphology of a W skarn ore-
body may vary depending on the composition and volume of the host 
rocks and the presence of pre- or post-mineralization structures con-
trolling the orientation of the ores. The RAEF program can model, in 
order from least to most costly, the following: massive/disseminated 
ores, flat-lying/stratabound ores, or steeply dipping ores. The capital 
cost inflation factor (CCIF) and operating cost inflation factor (OCIF), 
when set higher than their default value of 1, are unitless inflation 
factors designed to reflect the higher costs of building and operating a 
mine in remote areas such as Alaska. For instance, an OCIF value of 1.5 
simulates 50% higher operating costs that may be incurred for onsite 
accommodation, more expensive energy and fuel, and product 
transportation. 

5. Results 

5.1. Descriptions of permissive tracts 

Three distinct permissive sub-tracts are defined within the study area 
that contain the requisite rock types. For the Yukon-Tanana Upland 
(YTU), these are defined as the 1) Western YTU, 2) Eastern YTU, and 3) 
Southern YTU (Fig. 6; Table 4), which have distinctive geologic and 
metallogenic features. 

The Eastern YTU sub-tract begins at the western edge of the Charley 
River, Eagle, and Tanacross quadrangles and extends to the U.S-Canada 
border. Outcropping rocks are arc and basinal assemblages of the 
allochthonous Yukon-Tanana terrane (YTT; Figs. 4, 6). Although 
geochemical data are available, this tract has the sparsest concentration 
of sampling of the three tracts. This is the only tract to contain Jurassic- 
age intrusive rocks (Fig. 4). These differences in data quality and rock 
types warranted a separate sub-tract. 

The Southern YTU tract is located south of the Alaska Highway in the 
northern portion of the Alaska Range (Fig. 6). Although this tract is 
within a distinct geographic terrane, the rocks are like those found in the 
Western YTU (Fig. 4). However, mapped Cretaceous plutons are much 
less prevalent than in the YTU north of the highway. Base metal and Au 
skarn occurrences within this geographic province are reported in the 
ARDF data, but not within the tract itself. We attribute this inconsistency 
to the combined reconnaissance-scale mapping in the area and limited 
data in some ARDF reports. 

The Western YTU sub-tract includes the Fairbanks and Circle quad-
rangles and their major placer gold-mining districts. This tract encom-
passes parautochthonous assemblages of the YTU that have been 
intruded by middle Cretaceous to Tertiary pulses of granitic plutons 
(Figs. 3, 4). The western and northern parts of the Western YTU sub-tract 
have been extensively explored for a variety of commodities. Conse-
quently, the tract has the highest density of available geochemical data. 
The only historical W production in the Alaska side of the YTU occurred 
at Gilmore and Mastadon Domes, near Fairbanks (Table 1; Fig. 6). The 
Western YTU sub-tract includes tracts defined by Menzie et al. (1983), 
but also identifies additional permissive ground in the Circle quadrangle 
and elsewhere in the adjacent quadrangles (Fig. 6). 

5.2. Qualitative assessment 

The W skarn mineral potential map of the YTU is shown in Fig. 7. The 
procedure successfully identifies high potential in parts of the tract 
where there are known W skarn or related W-bearing mineral sites, 
including the Fairbanks district (FD), Table Mountain (TM), and Weston 
(Fig. 7). It also identifies high potential in areas where such W-bearing 

Table 3 
RAEF analysis parameters (see Shapiro and Robinson, 2019, for step by step 
method and definitions).   

Best Case Worst Case 

Morphology Massive/Disseminated Steep 
CCIF 1 1.8 
OCIF 1 1.5 
Mill Type Flotation 
Days of Operation 350 
Waste Management Tailings pond and dam 
Liner Yes 
MSC 1.26 
IRR 0.15 
Commodity Value $26,500 
MRR 0.75 

CCIF = Capital cost inflation factor 
OCIF =Operating cost inflation factor 
MSC =Marshall-Swift cost index 
IRR = Investment rate of return 
MRR =Metallurgical recovery rate 
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deposits have not been documented (e.g., Napoleon Creek (labeled NC); 
Fig. 7). In general, drainage areas characterized by at least one high 
stream sediment geochemical/mineralogical anomaly and a known 

mineral site scored high mineral potential and high certainty, whereas 
drainage areas with only high stream sediment anomalies scored high 
potential and medium certainty. 

Fig. 6. Map of permissive tracts (based on proximity of carbonate-bearing rocks and felsic granitoids) shown as transparent gray overlain on regional geology 
modified from Wilson et al. (2015) and Dusel-Bacon et al. (2017). General boundaries of tract subdivisions are based on a combination of lithotectonic and data 
quality boundaries. The Western/Eastern YTU boundary follows the western border of the Charley River-Eagle-Tanacross boundaries, as these quadrangles have far 
less data available and are dominated by allochthonous rocks. Supplementary Data A and B describe the search terms and smoothing/aggregation methods used in 
tract creation. Mineral site symbology from Fig. 1. And geology from Fig. 4. MD - Mastodon Dome, PG - Puzzle Gulch. 

Table 4 
Geologic characteristics of the permissive sub-tracts.  

Sub-tract Area 
(km2) 

Lithotectonic Packages Plutonism Notable W mineral 
sites 

Historic WO3 

Production 
Geochemical 
data 

Mineralogical 
data 

Assessment 
type 

Western 
YTU 

9200 

Lower plate / parautochthon - 
Fairbanks/Chena assemblages, 
Totatlanika schist and 
equivalents 

middle 
Cretaceous to 
early Tertiary 

Gilmore Dome; 
Table Mountain; 
Puzzle Gulch 

40 t 
Quantitative and 
semi- 
quantitative 

Available Quantitative 

Eastern 
YTU 

11,100 

Upper plate / allochthon - 
Fortymile assemblage; Lower 
plate / parautochthon - Lake 
George, Ladue River 
assemblages 

Triassic to early 
Tertiary 

Lucky 13; Duval Creek none Mostly semi- 
quantitative 

Absent Qualitative 

Southern 
YTU 2100 

Lower plate / parautochthon - 
Butte assemblage, Jarvis belt, 
Totatlanika schist and 
equivalents 

Sparse; Late 
Cretaceous to 
early Tertiary 

None, but other skarn 
types present - Peak 
and Eagle 

none 
Quantitative and 
semi- 
quantitative 

Available Qualitative  
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The Western YTU sub-tract has the highest concentration of high 
mineral potential HUCs, and notably contains more HPMC drainage 
areas than the Eastern YTU sub-tract (Fig. 7). This likely reflects both the 
change in tectonic assemblages (parautochthonous North America 
versus YTT strata; Fig. 4) and significantly sparser data coverage in the 
Eagle quadrangle. The portion of the permissive tract trending east-west 
across the middle of the Circle quadrangle is characterized by consis-
tently high mineral potential scores but lacking known W skarn sites. 
This tract encompasses the Lime Hill and Circle Hot Springs granitic 
complexes (Foster et al., 1983), which are associated with multiple 
Sn–W greisen and Sn–W skarn mineral sites, indicating a favorable 
mineral system environment for W skarn mineralization. 

Although permissive tracts in the southern YTU lack known W skarn 
sites and are of limited spatial extent, most received medium to high 
scores for W skarn potential (Fig. 7). The presence of other types of skarn 
systems in this belt, including the economically significant, but much 
younger (~70 Ma), Peak Au deposit (Illig, 2015), suggests a favorable 
environment for skarn formation. Interestingly, no permissive tracts are 
in the vicinity of Peak. This is most likely because the causative intrusion 
is not exposed close to the deposit and is inferred to be at depth. Indeed, 
few intrusive bodies are mapped in the area, and it is unclear if suitable 
types are present. More robust U/Pb geochronology and geochemical 
data are needed in this area to delineate the extent of the 100–90 Ma 
plutons that are associated with W skarn mineralization elsewhere in the 
region. 

5.3. Quantitative probabilistic estimates of undiscovered resources 

The individual expert estimates of undiscovered deposits in the ca. 
9200 km2 Western YTU sub-tract are shown in Table 5. Rationale 
employed by the expert panel for indicating that the tract is favorable 
include favorable lithology, previous production, clustering of previ-
ously mined deposits, W placers in the area, lack of recent exploration, 
pan concentrates containing W-bearing minerals, and W geochemical 
anomalies. Uncertainties and negative characteristics making the tract 
unfavorable are addressed in Section 6. The distribution suggests that 
the highest relative probability (p = 0.26) is for the presence of two 
undiscovered deposits (point A; Fig. 8). Cumulative relative probability 
is p = 0.7 for one to three undiscovered deposits to be present in the 
permissive tract; the probability of no deposits is 0.1 (points B and C, 
respectively; Fig. 8). By comparison, Menzie et al. (1983) estimated one 
to two undiscovered W skarn deposits in their Circle quadrangle tracts at 
the 50 and 10 probability percentiles, respectively. Extrapolating their 
estimates to the rest of the Western YTU suggests that the estimates are 
slightly more conservative. 

Based on the MapMark4 Monte Carlo simulation, the total contained 
ore tonnage for the tract spans orders of magnitude from P90 = 622 kt, 
to P50 (median) = 20,200 kt, to P10 = 68,900 kt. The total contained 
WO3 tonnage ranges from P90 = 2 kt, P50 = 94 kt, to P10 = 350 kt 
(Table 6; Fig. 9). The upper limit is comparable to the contained WO3 at 
Mactung (Table 1). Due to the considerable uncertainty of the expert 

Fig. 7. Permissive tracts (from Fig. 6) showing HUC-based mineral potential mapping scores applied and overlain on a DEM and also showing ARDF deposit and 
occurrence locations with reported elevated tungsten (W). See Supplementary Data C for scoring protocol. NP – not present, TM – Table Mountain, MD – Mastadon 
Dome, FA, Fairbanks area. DEM data from U.S. Geological Survey (2020b) and Government of Yukon and Natural Resources Canada (2006). 
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estimations, total contained ore and metal at the 99th percentile is 0. 
This does not mean the tract contains no undiscovered W skarn ore; 
rather, it means that the tract may not contain W skarn ore of sufficient 
size to constitute a deposit in the global grade and tonnage model. 
Overall, the quantitative assessment results yield a geologically 
reasonable range of undiscovered W resource in the study area in the 
context of W skarn districts elsewhere in the Cordillera and suggest that 
the Western YTU tract area is prospective for hosting significant W skarn 
deposits. 

5.4. Economic filtering 

For this study, we applied best-case and worst-case scenario eco-
nomic filters in RAEF to encompass the range of mining scenarios that 
might apply to the Yukon-Tanana Upland based on variations in the 
location and morphology of the orebody (Table 3). The economic dollar 
value of the tract after mining costs and investment return rates are 
considered is represented as net present value (NPV) as defined in 
Shapiro and Robinson (2019). 

In this exercise, the best-case scenario is a disseminated orebody 
located near Fairbanks, close to existing infrastructure and power 
sources; the CCIF and OCIF values are set to their default of 1. Given the 
historical W production from the Gilmore Dome, such a scenario is 
geologically possible. The worst-case scenario is a steeply dipping ore-
body located far from Fairbanks and major roads. In such a scenario, 
capital costs would be much higher (CCIF = 1.8) due to the need to build 
access roads, a powerplant, and other infrastructure, and operating costs 
(OCIF = 1.5) would also be increased due to higher energy, trans-
portation, and onsite accommodation costs. The steep orientation of the 
orebody limits mining to the vertical crater retreat method, a type of 
stope mining (Hamrin, 2001). Fig. 10A shows the range of simulated 
undiscovered deposits that remain economically recoverable in the best- 
case and worst-case scenarios. In the best-case scenario, median recov-
erable WO3 is 63 kt and most simulated deposits and all known deposits 
in the grade and tonnage model are economic. The median NPV of un-
discovered W resource in the tract is ~$330,000,000 (Table 7). In the 
worst-case scenario, deposits smaller than 3000–5000 kt of ore 
and ~ 0.39–0.43% WO3 are unlikely to be economic (Fig. 10A). Median 
recoverable WO3 is 30 kt, and the NPV is only $44,000,000. The 
morphology of the orebody has little effect on the NPV of undiscovered 
deposits above the 50th percentile (Fig. 10B). An appreciable difference 
is only noted between disseminated orebodies and flat-lying and steep 
orebodies at probabilities <20–30%, where tonnages increase 

Table 5 
Individual expert estimates of undiscovered deposits.  

Estimator Weight Estimation 

90% 50% 10%  

1  1  1  2  3  
2  1  0  1  3  
3  1  2  3  5  
4  1  0  1  2  
5  1  1  2  2  
6  0.5  1  3  5  
7  0.5  0  1  2  
8  0.5  1  2  3  
9  0.5  1  2  3  
10  0.5  2  4  5  
11  0.5  2  5  10  
12  1  1  3  5  
13  1  1  2  7  
14  1  2  4  6  
15  1  2  2  3  
16  0.5  1  1  3  
17  0.5  1  2  4  
18  0.5  2  3  5  
19  0.5  1  3  7  
20  0.5  1  2  3  

Fig. 8. Probability distribution (blue dashed line) and percentiles (red solid 
line) of undiscovered deposit estimations in the Western YTU sub-tract. Open 
red circles show the total elucidated counts for each number of undiscovered 
deposits. A) Shows the highest probability (p = 0.26, 2 undiscovered deposits), 
based on expert estimations. B) The shaded (cumulative) area comprising 70% 
probability of one to three undiscovered deposits in the Western YTU sub-tract. 
C) Statistical modeling indicates a 10% likelihood (p = 0.1) of no deposits that 
fall within the range of the global grade-tonnage model. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 6 
Summary statistics of MapMark4 Monte Carlo simulation of total undiscovered 
resources in the western YTU tract.   

Ore resource (kt) Contained WO3 (kt) 

Mean 28,800  143 
Maximum 207,300  1600 
Minimum 0  0 
Median 20,200  94 
Std. Dev. 28,400  156 
P99 0  0 
P90 622  2 
P80 4600  20 
P70 9030  40 
P60 14,200  64 
P50 20,200  94 
P40 27,600  128 
P30 37,100  175 
P20 49,800  242 
P10 68,900  350 
P1 120,000  701 
Prob. of Zero 0.10  0.10 
Prob. ≥ Mean 0.39  0.37 

Median (P50) values bolded. 
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dramatically. There is almost no difference in NPV between flat-lying 
and steep orebodies, except in the high CCIF and OCIF scenario. 

To summarize, assuming other mining and market economic factors 
are the same for all possible undiscovered deposits in the tract, the RAEF 
analysis indicates that proximity to infrastructure is the most important 
factor controlling economic value of an undiscovered deposit; orebody 
morphology is less important. 

6. Discussion 

6.1. Sources of uncertainty 

Identifying sources of uncertainty and bias in the qualitative and 
quantitative resource assessment approach is important for guiding 
stakeholder decision-making and revealing knowledge gaps that war-
rant further study. Empirical uncertainties in this assessment can be 
grouped into two categories: uncertainties in the mappable criteria 
datasets used to generate the permissive tracts, and uncertainties in 
ground-truthing the presence of W skarn mineralization; both can result 
in false negatives or false positives. The coarse mapping resolution and 
poor exposure in the study area result in overgeneralization of the 
geologic mappable criteria and possible omission of small granitic plu-
tons and carbonate roof pendants—the latter of which may be highly 
prospective for being mineralized. While omission can result in false 
negatives, map generalization can also result in false positives. For 
instance, in the study area, the actual spatial extent of carbonate-bearing 

horizons grouped into a mapped unit may be limited, and not all granitic 
intrusions may have favorable compositions. Primary mapping errors (i. 
e., inaccurate contacts) are an additional source of uncertainty, but at 
the 1:250,000 scale, they are not likely to impact the permissive tracts. 

Uncertainties in indicators of mineralized bedrock encompass stream 
sediment mineralogy and geochemistry and the mineral site database. 
Historically, mineral identification has been visual, and both subjective 
and qualitative. Censoring of geochemical data may result in false 
negatives, particularly for methods with high DLs; conversely, de-
terminations close to those high DLs can result in false positives. Addi-
tionally, sparse coverage of the geochemical datasets limits the ability to 
ground-truth potential in many areas that are otherwise geologically 
permissive. Owing in part to remoteness and limited W-focused explo-
ration in the region, the significance of known W skarn sites in the region 
is uncertain. Most of the W skarn mineral sites outside of the Gilmore 
Dome area lack detailed geologic descriptions, drilling, or other in-
dicators of potential size and grade. Overall, the study area is consid-
erably less well explored for W than other Cordilleran districts in Canada 
and the conterminous U.S. 

The extent and certainty of future assessments would be substantially 
improved by increasing the 3-D coverage and quality and coverage of 
geological, geochemical, geophysical data across the Yukon-Tanana 
Upland. In particular, reanalyzing legacy geochemical samples via 
modern total decomposition and ICP-MS methods would greatly reduce 
both false positives and negatives due to high analytical method 
detection limits and partial decomposition techniques in the legacy data. 
Higher-resolution aeromagnetic and gravity geophysical data would 
reduce uncertainty caused by coarse geologic mapping resolution and 
increase geologic knowledge in the third dimension by identifying, for 
example, subsurface extensions of permissive tracts and previously un-
mapped intrusions. 

In addition to empirical uncertainties, conceptual uncertainties in 
the understanding of the intrusion-related mineral system reduce cer-
tainty in estimates of undiscovered W skarn deposits. More research is 
needed to constrain the processes that ultimately control magma com-
positions in the Yukon-Tanana Upland and Canadian Cordillera. 
Whereas geochemically distinct suites of evolved and reduced intrusions 
have been identified and correlated with W skarn mineralization, the 
underlying source regions of these melts and how they differ from those 
of more oxidized and less evolved Cu-Au-Mo porphyry systems in the 
region is not entirely clear. It is possible that the melts were derived 
from, or interacted with, distinct lithotectonic packages. 

From the broader mineral system perspective, considerable knowl-
edge gaps remain in the understanding of ore forming processes in other 
types of W-bearing systems—primarily intrusion-related Au and 
orogenic Au. An initial goal of this study was to assess potential in the 
YTU for W-bearing variations of these Au system types in addition to W 
skarn, as they may provide byproduct sources of W. For example, Fort 
Knox is known to have locally high enrichments of W in the Au orebody 
and adjacent skarn (D. Poole, pers. comm., 2019). However, it became 
clear early on that the geologic understanding of W in these systems was 
too limited to derive mappable criteria specific to the W-rich systems. 
This is in part because the factors that govern W enrichment in orogenic 
systems have not been extensively studied outside of the Otago district 
in New Zealand (Cave et al., 2017). Furthermore, little work has 
investigated the genetic relationships between the W skarns of the Gil-
more Dome and Au mineralization in the Fort Knox deposit implied by 
the reduced intrusion-related gold model (Hart, 2005, 2007). More 
robust U/Pb geochronology data are needed to establish W skarn 
mineralization ages at Stepovich and Yellowpup. Existing K/Ar and Ar/ 
Ar age determinations of alteration minerals from these deposits reflect 
cooling ages, not the time of mineralization. Age determinations are up 
to 5 myr younger than the 91 Ma Re–Os (molybdenite) mineralization 
age of Fort Knox (Allegro, 1987; Selby et al., 2002). Consequently, a 
definitive temporal link between W skarn and Au mineralization timing 
has yet to be determined. 

Fig. 9. Density plots of total Western YTU sub-tract resources simulated in 
MapMark 4. A) Total ore tonnage. B) Total contained WO3 tonnage. 
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The role of estimator bias in the quantitative assessment must also be 
considered. Sources of bias include area of expertise, level of experience 
in conducting assessments, and extent of knowledge and work experi-
ence in the study area. Although such biases cannot be eliminated, 
several aspects of our approach help mitigate them. First, the assessment 
utilized elicitation of estimates from a large group of geoscientists 
(n = 20; Table 5). The iterative nature of the assessment, including 
discussion, enhanced the assessors’ broader understandings of the 
geological characteristics of the assessment area. Finally, the weighting 
accounted for the geoscientists’ relative experience in eastern Alaska 
geology and/or mineral resource assessments. 

6.2. Comparisons of potential in other W skarn districts 

The range of NPV of $44 to $330 million of the entire Western YTU 
sub-tract is comparable to that of the similarly remote Mactung ($250 
million; Narciso et al., 2009) and Watershed ($110 million; Queensland, 
Australia; Iannucci, 2017) deposits, suggesting that the simulated NPV 
range in the Western YTU is reasonable. This assessment of W skarn 
deposit potential in eastern Alaska carries implications for deposit 
estimation throughout the North American Cordillera. Preliminary 
quantitative assessments in the Idaho-Montana Great Falls tectonic zone 
(GFTZ; Andersen et al., pers. comm., 2020) and Great Basin (GB; USGS 
Great Basin Tungsten Assessment Team, pers. comm., 2020) regions of 
the Cordillera by the same assessment team yielded significantly higher 

Fig. 10. A) Density plot of Map Mark 4 simulated ore tonnages and values (grades); n = 20,000. The economic cutoffs of the best- and worst-case scenarios are shown 
in green and red, respectively. Orange dots are known deposits on the grade-tonnage model. Adapted from RAEF diagram output. B) Probability curves of total tract 
NPV calculated in RAEF for different economic and orebody morphology scenarios. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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estimates of undiscovered W skarn deposits and contained W resources. 
Median WO3 t∙km− 2 in the Western YTU tract is ~10—much lower than 
the GFTZ (~25) and GB (~17). This difference in estimated contained 
WO3 reflects interpretations of fundamentally different regional geology 
as well as degree of historical exploration and assessment certainty. 
Although W has been less explored in the eastern Alaska study area 
compared to the western U.S., exploration to date for W and other 
commodities has revealed few discoveries aside from the Gilmore Dome, 
and this contributed to low undiscovered deposit estimates. 

Geologic differences are considerable. While W skarn-forming 
Cretaceous magmatic suites are present throughout the Yukon, British 
Columbia, and the western U.S., the country rocks they intrude vary, 
which may impact the volume, continuity, and quality of trap/sink rock 
for mineralizing fluids. Increasing metamorphic grade prior to intrusion 
may reduce rock permeability and drives differential strain between 
carbonates and siliciclastic rocks that may dismember continuous ho-
rizons. This appears to be the case in the study area, where regionally 
continuous carbonate horizons are uncommon. In contrast, the Cantung 
(10.8 Mt. @ 1.2% WO3) and Mactung (44.9 Mt. @ 0.85% WO3) deposits 
in Canada (Table 1) and Browns Lake (6.03 Mt. @ 0.55% WO3; GFTZ) 
and Pilot Mountain (12.5 Mt. @ 0.27% WO3; GB) deposits in the U.S. 
(Green et al., 2020) are typified by rocks of greenschist or lower meta-
morphic grade and greater regional continuity. In the latter two districts, 
the country rocks are effectively flat lying, thick (>6 km), and unme-
tamorphosed. We can only speculate that this may explain the differ-
ences between geologic favorability of the YTU and other regions, as it is 
beyond the scope of this study to evaluate the relationship between 
regional metamorphic grade and deposit size for W skarns. Regardless of 
differences in estimated resources between districts, the YTU remains 
prospective for undiscovered W skarn deposits. 

7. Conclusions 

The last decade has witnessed a growing need for explorationists, 
academics, and government policymakers to improve understanding of 
the geology and potential availability of critical mineral resources. 
Tungsten (W) has many industrial and military applications and is one of 
the few critical minerals that can currently be mined as a primary 
product. Consequently, the qualitative and quantitative methods 

incorporating the USGS three-part form of assessment can be a useful 
tool to estimate potential for undiscovered W deposits where the 
requisite data exist. 

Application of the three-part method to the geologically complex 
Yukon-Tanana Upland (YTU) region of the North American Cordillera, 
utilizing an updated W skarn grade-tonnage model and digitized 
geologic and geochronology datasets, enabled delineation of permissive 
tracts for W skarn deposits across the uplands. Qualitative assessment of 
the permissive tract revealed high mineralization potential and data 
quality in sub-tracts within parautochthonous rocks of the western up-
lands. This area was then quantitatively assessed and estimates by 20 
experts suggest there may be between one to three undiscovered W 
skarn deposits in this tract at the 70% cumulative probability percentile. 
A probabilistic Monte Carlo simulation (n = 20,000), based on the expert 
estimates and grade and tonnage model, suggests a range of total un-
discovered WO3 in the tract to be from 2 kt, to 94 kt, to 350 kt at the 
90%, 50%, and 10% probability percentiles, respectively. Using the 
USGS Resource Assessment Economic Filter, the median (P = 50%) total 
economically recoverable WO3 is 63 kt and the NPV of the tract is $330 
million USD (2008 dollars) in a best-case scenario in which the undis-
covered deposits are located close to infrastructure. In contrast, median 
recoverable WO3 is only 30 kt and the NPV is $44 million in a worst-case 
scenario in which the deposits are distal to infrastructure. 

The simulated potential size ranges of undiscovered deposits in the 
YTU are geologically reasonable and comparable to the Cantung or 
Mactung deposits, but the contained WO3 resource and NPV estimates of 
the YTU are significantly less than concurrent estimates made in W skarn 
districts in the contiguous U.S. and known resources in the Yukon and 
Northern Territories. We speculate that the difference may be explained 
in part because of relatively high uncertainties in the input datasets as 
well as variations in major geologic controls—specifically, decreased 
permeability and continuity of favorable carbonate rock horizons in the 
relatively higher metamorphic grade of host rocks in the uplands. 
However, other geologic factors such as regional magma petrogenesis 
and fertility may play a role. More modern geochemistry, geophysics, 
and geologic mapping, especially in the third dimension, are necessary 
to improve empirical uncertainties in this and future assessments. 
Nevertheless, the USGS three-part mineral resource assessment is still a 
useful tool for making first-order regional estimates of undiscovered 
resources and steering research on the fundamental controls of district- 
scale metallogenic budgets. 
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Appendix A. Supplementary data 

The Supplementary Data A section lists search keywords for 

Table 7 
Summary statistics of the RAEF analysis. The abbreviations should all be 
defined.   

Best Case Scenario Worst Case Scenario 

Recoverable 
WO3 (kt) 

NPV 
(million$) 

Recoverable 
WO3 (kt) 

NPV 
(million$) 

Mean  98  575  70  220 
Maximum  1161  8134  1100  5265 
Minimum  0  0  0  0 
Median  63  329  30  44 
Std. Dev.  110  708  100  386 
P99  0  0  0  0 
P90  0  0  0  0 
P80  10  29  0  0 
P70  25  107  0  0 
P60  42  204  0  0 
P50  63  329  30  44 
P40  87  482  53  109 
P30  120  683  83  209 
P20  167  998  131  370 
P10  244  1503  204  677 
P1  492  3165  438  1836 
Prob. of 

Zero  0.15  0.15  0.40  0.40 

Prob. 
≥ Mean  

0.36  0.35  0.34  0.29 

NPV – Net Present Value (2008 dollars), P99–99% probability. 
Median (P50) values bolded. 
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extraction of permissive rock types from the Geologic Map of Alaska. 
The Supplementary Data B section describes the permissive tract 
smoothing and aggregation methods. The Supplementary Data C section 
lists scoring criteria for the mineral potential mapping/qualitative 
assessment exercise. Attributed tracts in GIS format, along with the 
Python script used in the mineral potential mapping exercise, are in 
Supplementary Data D. The supporting data are also available as a U.S. 
Geological Survey Data Release at doi:https://doi.org/10.5066 
/P9TDKQE4. Supplementary data to this article can be found online at 
doi:https://doi.org/10.1016/j.gexplo.2020.106700. 
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