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Prospectivity model for magmatic Nickel, Copper, Cobalt, and Platinum-Group Elements in
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Much of the Midcontinent Rift is concealed beneath glacial sediment, which limits direct geological
observation and makes it difficult to evaluate the potential for undiscovered magmatic Ni-Cu-PGE
deposits with publicly available data. The 1.1 Ga rift hosts the Eagle Ni-Cu-PGE deposit of northern
Michigan, one of the few domestic sources of nickel, a critical mineral of the United States. We address
this problem with public geophysical and geochemical data from the Upper Peninsula of Michigan
and northern Wisconsin. First, we develop a knowledge-driven prospectivity model from the new U.S.
Geological Survey Earth MRI airborne magnetic and radiometric survey and apply it to 984,215 grid
cells of 200 m (39,368.6 km?). The model scores each cell by its similarity to the geophysical signature
of a small mafic—ultramafic intrusion, propagates the uncertainty of the evidence weights by Monte
Carlo simulation, and down-weights mapped iron formation and Keweenawan volcanic rocks. The
Eagle deposit, withheld from model construction, ranks at the 98.9th percentile of the survey area
(97.6th to 98.8th across 200 random weightings), so a search restricted to the highest-ranked 1.14%
of the area would have included it. Second, we test whether public geochemical fertility indicators
(Cu/Pd, Ni/Cu, MgO, and Mg-number) distinguish rocks near known Midcontinent Rift deposits from
rocks farther away under spatially independent validation. Although Cu/Pd is lower near deposits
(median 21,736 versus 31,568), predictive performance is poor: the area under the receiver operating
characteristic curve (AUC) is 0.29 for a 3-km deposit buffer, and 0.48 and 0.35 for alternative buffers.
We release 1,629 ranked exploration targets (751.8 km?2) with uncertainty estimates, an open-source
Python workflow, and an interactive map. The results show that public airborne geophysical data can
prioritize concealed critical-mineral targets, whereas currently available regional geochemical data
provide only weak predictive discrimination.

Keywords: Midcontinent Rift, Eagle deposit, magmatic Ni-Cu-PGE sulfide, critical minerals, mineral
prospectivity mapping, Earth MRI, aeromagnetics, airborne gamma-ray spectrometry, spatial cross-

validation, open data

I. INTRODUCTION

Nickel, cobalt, copper, platinum, and palladium are
designated critical minerals by the United States because
of their importance to energy technologies, manufactur-
ing, and national security [34]. Magmatic Ni-Cu-Co-
PGE sulfide deposits are among the few deposit types
that can supply all five commodities from a single ore
system. They form when mantle-derived magmas be-
come saturated in an immiscible sulfide liquid that con-
centrates the chalcophile metals [1} 2, 22]. The 1.1 Ga
Midcontinent Rift (MCR) of the Lake Superior region
hosts both the Duluth Complex Cu-Ni-PGE district of
Minnesota [19] and the Eagle Ni-Cu-PGE deposit of
Michigan [28], which demonstrates the fertility of rift-
related mafic—ultramafic magmatism for critical-mineral
mineralization.

Despite this endowment, discovering additional
conduit-hosted Ni-Cu-PGE deposits remains difficult.
Such deposits are small relative to deposits hosted by
large, layered intrusions [14) [15], and much of the rift
in Michigan and Wisconsin is concealed beneath glacial

* dansobez@msu.edu

sediment. Geophysical and geochemical data are there-
fore increasingly used to identify prospective mafic—
ultramafic intrusions and to prioritize areas for follow-up
exploration, commonly within the framework of mineral
prospectivity mapping, in which spatial evidence layers
are combined according to a deposit model [4} 27].

The U.S. Geological Survey (USGS) Earth Mapping
Resources Initiative (Earth MRI) was established to im-
prove the geologic, geophysical, and geochemical frame-
work needed to support domestic critical-mineral ex-
ploration [8]. In 2025, Earth MRI completed a high-
resolution airborne magnetic and radiometric survey
of Michigan’s Upper Peninsula and northern Wiscon-
sin [9]. Combined with the September 2026 release of
the USGS Critical Mineral Deposits database [10] and the
MCR-GeoChem geochemical compilation [5]], these data
provide an opportunity to evaluate whether publicly
available information can identify concealed magmatic
Ni—Cu-PGE systems in the rift.

The principal challenge is data scarcity. Within the
2025 survey area, the Eagle deposit is the only magmatic
Ni—Cu-PGE deposit in the USGS database, which pro-
vides a single public deposit label; the other known MCR
deposits of this type are in Minnesota, outside the sur-
vey footprint. Public geochemical coverage is sparse
and uneven: although MCR-GeoChem contains 3,524
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samples from Michigan, Minnesota, and Wisconsin, only
978 whole-rock samples lie within the survey area, none
within 10 km of Eagle, and only 94 contain both Cu and
Pd analyses. These limitations preclude conventional
data-driven prospectivity methods, which rely on numer-
ous known deposits and dense geochemical coverage [4].

We thus evaluate three questions using only publicly
available data: (1) Can a knowledge-driven prospectiv-
ity model based solely on Earth MRI airborne magnetic
and radiometric data recover a magmatic Ni-Cu-PGE
deposit that was withheld from model construction?
(2) Do public geochemical fertility indicators (Cu/Pd,
Ni/Cu, MgO, and Mg-number) distinguish rocks near
known magmatic Ni-Cu-PGE deposits from those far-
ther away when evaluated with spatially independent
cross-validation? (3) Can this data be used to generate
a transparent, reproducible, and uncertainty-aware in-
ventory of prospective exploration targets? To address
these questions, we develop a rule-based geophysical
prospectivity model, evaluate it against the Eagle deposit
as a held-out test, assess the predictive value of pub-
lic geochemical fertility indicators, and release a ranked
inventory of exploration targets with quantified uncer-
tainty, together with an open-source Python workflow [7]
and an interactive map.

II. GEOLOGIC BACKGROUND AND DEPOSITS

The Midcontinent Rift is a Mesoproterozoic intraconti-
nental rift system that formed at ca. 1.1 Ga and extends
for more than 2,000 km beneath central North Amer-
ica, from Kansas through the Lake Superior region and
southward beneath Michigan [3] 24]. Although rifting
ultimately failed, and it has been proposed that the rift
formed part of a larger plate-boundary system [32], it
generated one of the largest episodes of continental mafic
magmatism preserved on Earth, producing voluminous
basaltic lava flows, mafic—ultramafic intrusions, dike
and sill complexes, and thick syn-rift sedimentary se-
quences [24]. The exposed part of the rift around Lake Su-
perior includes the Keweenawan volcanic succession, the
Duluth Complex of northeastern Minnesota, the Beaver
Bay Complex, the Mellen Intrusive Complex, numer-
ous smaller mafic intrusions, and associated sedimentary
basins [19,24]. Geochemical and isotopic studies indicate
contributions from multiple mantle sources and variable
crustal contamination during rift evolution [23], and U-
Pb geochronology shows that most magmatism occurred
during a relatively brief interval near 1.1 Ga [25, 33].

The MCR hosts a spectrum of magmatic sulfide miner-
alization styles [28]. The largest known resources are in
the Duluth Complex, where disseminated Cu-Ni-PGE
mineralization is concentrated near the basal contacts of
large intrusions [19]. In contrast, the Eagle deposit repre-
sents a conduit-style magmatic sulfide system hosted by
a small mafic-ultramafic intrusion emplaced into Paleo-
proterozoic sedimentary rocks of the Baraga Basin [28].

Conduit-hosted deposits form where primitive magma
is focused through narrow magma pathways, which pro-
motes interaction with sulfur-bearing country rocks, sul-
fide saturation, and efficient concentration of Ni, Cu, Co,
and the PGE [15] 22]. Although generally smaller than
deposits in large layered intrusions, conduit systems can
reach substantially higher grades and are important ex-
ploration targets in many large igneous provinces [2}[15].

In Michigan’s Upper Peninsula, rift magmatism is rep-
resented by the Keweenawan volcanic succession of the
Keweenaw Peninsula and the Porcupine Mountains, to-
gether with mafic and ultramafic intrusions emplaced
into older Paleoproterozoic rocks. Many potential host
intrusions are concealed beneath glacial sediment, which
increases reliance on geophysical data. Mafic—ultramafic
intrusions are attractive geophysical targets because they
commonly contain abundant olivine, pyroxene, mag-
netite, and pyrrhotite, which make them denser and
more magnetic than surrounding sedimentary and felsic
crystalline rocks [22]. They also contain less potassium
and thorium than adjacent granitoids and sedimentary
rocks [20], so they produce distinctive magnetic and ra-
diometric signatures.

Magnetic anomalies alone are not diagnostic of mag-
matic sulfide mineralization. The survey area also con-
tains Paleoproterozoic banded iron formation of the
Marquette, Gogebic, and Menominee iron ranges, and
thick, magnetite-bearing Keweenawan basalt flows, all of
which can produce strong magnetic responses unrelated
to Ni-Cu-PGE mineralization. Large parts of the eastern
survey area are covered by Paleozoic strata of the Michi-
gan Basin, which conceal the Precambrian basement and
increase geological uncertainty.

Geochemistry provides an additional line of evidence
for magmatic sulfide fertility. Because palladium par-
titions far more strongly into sulfide liquid than cop-
per, sulfide segregation preferentially removes Pd from
silicate magma, so residual magmas develop elevated
Cu/Pd ratios [2,13]. Accordingly, low Cu/Pd may in-
dicate sulfide accumulation, whereas anomalously high
Cu/Pd commonly reflects prior sulfide depletion. Primi-
tive magmas capable of carrying significant Ni and PGE
are also generally characterized by high MgO, high Mg-
number, and relatively high Ni/Cu [1, 22]. These re-
lationships form the basis of widely used geochemical
fertility indicators for mafic—ultramafic systems [13].

III. DATA

Table[llsummarizes the data. All were accessed on 27
October 2026; file provenance, access information, and
SHA-256 checksums are recorded in a provenance log
distributed with the code to ensure full reproducibility.

D1, USGS Critical Mineral Deposits of the United
States. The USGS Critical Mineral Deposits database, ver-
sion 3.0 (September 2026) [10], is a nationally standard-
ized inventory of 1,271 critical-mineral deposits with



TABLE I. Data sources. PD: U.S. public domain.

ID Source Use in this study Vintage License DOI

D1 USGS Critical Mineral Deposits of the Deposit labels; Eagle ver. 3.0, Sept. CCo 10.5066/PO9K1HBNT
United States [10] held-out test 2026

D2 USGS airborne magnetic and radiometric ~ RTP, K, eTh, eU grids flown 2025, PD 10.5066/P14ESDF7

survey, Upper Peninsula of Michigan and
northern Wisconsin [9]]
D3 MCR-GeoChem [5]

Cu/Pd, Ni/Cu, MgO, v1.0.1, Oct. 2026 CC BY-SA

released 2026

10.5281/zenodo.23516434

Mg-number per 4.0
sample

D4 USGS State Geologic Map Compilation [12] Geology mask; cover 2017 PD 10.3133/ds1052
flag

D5 USGS Mineral Resources Data System [35]

Secondary check only 2011 snapshot PD -

(not independent)

deposit type, mineral-system classification, commodi-
ties, and coordinates. It serves here as the authorita-
tive source of known magmatic Ni-Cu-PGE deposits
and provides the labels for analysis and validation. In
Michigan, Minnesota, and Wisconsin, 14 entries repre-
senting 11 deposits are classed as nickel-copper-PGE
sulfide deposits of the mafic magmatic system: the Ea-
gle mine in Michigan and, in Minnesota, nine Duluth
Complex deposits (Birch Lake, Maturi, Maturi South-
west, Mesaba, NorthMet, Serpentine, Spruce Road, Wet
Legs, and Wyman Creek) and the Tamarack deposit (four
zones). All 14 entries are used to compute distances to
known deposits. Within the 2025 survey area, Eagle is the
only documented magmatic Ni-Cu-PGE deposit, which
makes it the natural target for a held-out test. Because
the database is a point inventory, its spatial precision
is set by the reported coordinates rather than by a grid
cell. It is released under CCO and is the most current
national compilation available, complementing global
grade—tonnage inventories that underpin quantitative
resource assessment [31].

D2, USGS airborne magnetic and radiometric survey.
The Earth MRI survey of the Upper Peninsula of Michi-
gan and northern Wisconsin [9] provides the primary
geophysical evidence. It was flown between June and Oc-
tober 2025 at a nominal 100 m above terrain, with about
216,000 line-km in two blocks: Block A (west) on north—
south lines 150 m apart with tie lines every 1,500 m, and
Block B (east) on lines 400 m apart with tie lines every
4,000 m. We use the released grids of the reduced-to-pole
(RTP) magnetic anomaly and of potassium (K, %), equiv-
alent thorium (eTh, ppm), and equivalent uranium (eU,
ppm), with cells of 37.5 m (Block A) and 100 m (Block B)
in UTM zone 16N. The data are in the public domain and
are well suited to identifying concealed mafic—ultramafic
intrusions, because these bodies commonly combine ele-
vated magnetic response with low K and Th, and because
the survey provides consistent coverage where bedrock
exposure is limited by glacial cover.

D3, MCR-GeoChem. MCR-GeoChem v1.0.1 [5] is a
harmonized compilation of 3,524 Midcontinent Rift sam-

ples from Michigan, Minnesota, and Wisconsin drawn
from six public sources, with consistent units, decoded
below-detection values, best-value selection for each an-
alyte, rift-membership labels, and quality flags. We use
the whole-rock samples, their best values, and their al-
teration flag to calculate Cu/Pd, Ni/Cu, MgO, and Mg-
number. Because it is focused on rift rocks and is the
most comprehensive public geochemical compilation for
the region, it is the most appropriate data set currently
available for evaluating geochemical indicators of mag-
matic sulfide fertility. It is a sample-based compilation,
so its spatial resolution depends on sample locations. It
is licensed CC BY-SA 4.0.

D4, USGS State Geologic Map Compilation. The
State Geologic Map Compilation (SGMC) [12] integrates
state geologic mapping into a common national frame-
work, with mapped units, generalized lithology, and
age. We use its Michigan and Wisconsin polygons (1,148
features) to identify mapped lithologies, to distinguish
areas underlain by sedimentary cover, and to construct
the geology mask. Its spatial detail follows the mapped
polygons. It is in the public domain.

D5, USGS Mineral Resources Data System. The
Mineral Resources Data System (MRDS) [35] is a long-
standing inventory of mineral occurrences, prospects,
and mines whose record quality varies considerably. It
is not used for training or validation. Its nickel-bearing
records in Michigan and Wisconsin serve only as a sec-
ondary, qualitative check; because they informed one
modeling decision (Sec.[[VH, they are not an indepen-
dent test.

IV. METHODS
A. Common grid

The two survey blocks were released with different
acquisition parameters and grid resolutions. To create a
uniform framework, every geophysical layer was resam-
pled onto a common 200 m x 200 m grid in UTM zone



16N (EPSG:32616) by area-weighted averaging. This res-
olution preserves regional geophysical patterns while
remaining comparable to the plan dimensions of small
conduit-style intrusions such as Eagle. The final grid
contains 984,215 cells (606,260 in Block A and 377,955 in
Block B), covering 39,368.6 km?2.

Derivative layers were calculated from the RTP field
T to highlight intrusive bodies. The three-dimensional
analytic signal amplitude [21} 30],

9T\>  (3T\*> (0T’
Al = — — = 1
“ \/<ax> “(5) (&) o
emphasizes the edges of magnetic sources regardless
of magnetization direction; horizontal derivatives were
computed by central differences and the vertical deriva-

tive by multiplying the Fourier transform of T by the
wavenumber |k|. The residual field,

T, =T — Trix11, )

is the RTP minus its mean over an 11 x 11-cell (2.2 km
x 2.2 km) moving window and isolates local magnetic
highs from regional trends. Because derivative products
are susceptible to edge effects, the distance from each cell
to the nearest cell without data was computed, and the
44,519 cells within 1 km of a data edge (4.5% of the grid)
were excluded from target generation but retained for
visualization.

B. Geophysical score

The model was designed to identify the geophysical
signature of small mafic-ultramafic intrusions capable of
hosting magmatic Ni-Cu-PGE mineralization: relatively
magnetic, because they commonly contain magnetite and
pyrrhotite, and low in K and Th relative to surrounding
felsic and sedimentary rocks. Four evidence layers were
selected on this basis (Table ).

Because the blocks were acquired with different line
spacings, absolute values are not directly comparable
across the survey. Each layer v was therefore converted to
a percentile rank p, € [0,100] within its own block, and
the percentile was transformed into a fuzzy membership
value [27,136] with a logistic function,

Mo = [1+exp(—m_m>}_l, 3)

S

where p, = py for the magnetic layers, for which higher
values are favorable, and f, = 100 — p, for K and eTh,
for which lower values are favorable; m = 75 is the
midpoint and s = 10 the spread, in percentile units. The
prospectivity score of a cell is the weighted mean of the
memberships,

. Yoo Wo Yo
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TABLE II. Evidence layers of the geophysical score (Eq. ).

Layer Favorable Wy
Analytic signal of RTP (Eq.lll) high 0.35
Residual RTP (Eq. high 0.35
Potassium, K low 0.15
Equivalent thorium, eTh low 0.15

where a layer missing at a cell is omitted and the remain-
ing weights are renormalized. Greater weight was as-
signed to the magnetic layers because magnetic fields re-
flect bedrock beneath glacial cover, whereas gamma rays
originate in the uppermost few tens of centimeters and
are attenuated by surficial sediment [20]. The analytic sig-
nal and the residual field were each assigned w, = 0.35,
and K and eTh each w, = 0.15. All weights were defined
from the deposit model before testing against Eagle.

C. Uncertainty

The weights and the membership midpoint are sub-
jective, so their uncertainty was propagated by Monte
Carlo simulation. In each of N = 100 realizations j, the
weight vector was drawn from a Dirichlet distribution
centered on the preferred weights wy,

wl) ~ Dirichlet(kwy),  m') ~(65,85), (5)

with concentration ¥ = 20, and the midpoint was drawn
uniformly between the 65th and 85th percentiles. The re-
ported score of each cell is the mean over the realizations,
G=N"1 Zj GU), and its uncertainty is the standard de-
viation 0.

D. Geology mask

Strong magnetic anomalies in the study area are not
unique to mafic—ultramafic intrusions. Iron formation
and magnetite-rich volcanic successions produce mag-
netic responses similar to those expected from prospec-
tive intrusions but are not generally associated with mag-
matic Ni-Cu-PGE mineralization. To reduce false pos-
itives, the score was multiplied by a class-dependent
factor f, from the SGMC (Table [II),

S=fG, 05 = fc 0. (6)

Mapped iron-formation units were buffered by 500 m, be-
cause their anomalies commonly extend beyond mapped
contacts, and assigned f. = 0.3. Mesoproterozoic vol-
canic units, including much of the Keweenawan lava
succession, were assigned f. = 0.6. Intrusive rocks and
all other units retained f. = 1.0. Areas beneath Phanero-
zoic sedimentary cover also retained f; = 1.0 but were
flagged, because magnetic sources beneath thick cover
may be deep.



TABLE III. Geology mask classes from the SGMC, multipliers
fe (Eq.[6), and number of 200 m cells.

Class fe Cells
Iron formation (+500 m) 0.3 33,120
Mesoproterozoic volcanic 0.6 54,037
Intrusive 1.0 25,182
Phanerozoic sedimentary cover 1.0 581,317
Other or unmapped 1.0 290,559

E. Geochemical fertility indicators and spatial
cross-validation

Geochemical fertility indicators were used to evalu-
ate whether public whole-rock geochemistry contains
predictive information about magmatic Ni-Cu-PGE min-
eralization. For each MCR-GeoChem whole-rock sample,

CCu . CNji
Cu/Pd= ————, Ni/Cu = , 7
u/ cPd/IOOO i/Cu CCu ( )

with Cu and Ni in ppm and Pd in ppb, so that Cu/Pd is
a ratio of concentrations in the same unit, and

nMg

Mg# =100 —————,
& nnvg + 0.9 nger

®)

where 1 are molar abundances from MgO and total iron
(FezOg), with Fe** taken as 90% of total iron. Ratios
involving a below-detection value were treated as miss-
ing. Following the primitive-mantle Cu (30 ppm) and
Pd (3.9 ppb) of McDonough and Sun [17], a reference
Cu/Pd of 7,000 was adopted; samples with Cu/Pd >
21,000 were classed as PGE-depleted, 2,333-21,000 as
mantle-like, and < 2,333 as PGE-enriched [2,[13].

Model development was restricted to Minnesota,
which contains multiple known deposits and sufficient
geochemical coverage. Only intrusive whole-rock sam-
ples not flagged as altered were used. Samples within
3 km of a known Ni-Cu-PGE deposit were labeled near
(y = 1) and samples more than 10 km from all deposits
far (y = 0); samples between 3 and 10 km were excluded
to avoid ambiguous labels. The resulting data set com-
prises 467 samples (366 near, 101 far). A standardized
logistic regression [26],

Ply=11x)=[1+exp(~po—p2)] . ©

was fitted to the standardized features z of x =
(log;yNi/Cu,MgO,Mg#). Cu/Pd was excluded from
the main model because Pd analyses are disproportion-
ately concentrated near known deposits, so the presence
or absence of a Pd measurement could itself reveal the
label.

Performance was measured by the AUC [11]], the prob-
ability that a randomly chosen near sample receives a
higher predicted probability than a randomly chosen far

sample (0.5 is chance), in five-fold grouped spatial cross-
validation [29]. All near samples of a deposit, and all far
samples within a 20 km block, were held out together, so
performance reflects prediction of unseen deposits in un-
seen areas rather than interpolation between neighboring
samples. The test was repeated with near radii of 2 and
5 km and with four alternative feature sets. Eagle could
not contribute training data because no MCR-GeoChem
sample lies within 10 km of it. Independently of any
model, Cu/Pd of igneous samples near and far from de-
posits was compared with a two-sided Mann-Whitney
test [16].

F. Targets and the held-out test

Targets were defined as connected groups (eight-
neighbor) of cells whose final score S lies in the upper 2%
of all non-edge cells (S > 0.68). No minimum size was
imposed, because Eagle-style conduit intrusions may oc-
cupy only one cell at this resolution. Targets were ranked
by peak score, with ties broken by area. For each tar-
get we recorded its center, area, peak and mean score,
mean uncertainty, dominant mapped setting, distance
to the nearest known Ni-Cu-PGE deposit, and, where
available, the Cu/Pd class of the nearest igneous MCR-
GeoChem sample within 5 km.

Eagle was excluded from all model development and
weight selection. Because a deposit is recorded as a point,
it was scored by the highest-scoring cell within 1 km of
its coordinate (46.74815°N, 87.89729°W), Sg, and by its
percentile among all n grid cells,

100

n

Pr = 1[5,‘ < SE] . (10)

-

=1

The complement 100 — Pr is the percentage of the area
that a search in descending order of scores would cover
before reaching Eagle, and the probability that a ran-
domly chosen location scores at least as high. The test
was repeated with 200 further random weightings drawn
as in Eq. |5 with equal weights, magnetic layers only, ra-
diometric layers only, and without the geology mask.

G. Software

The workflow is a sequence of numbered Python
scripts that download every input, log its provenance,
build every output, and write every number quoted here
to a statistics file from which this manuscript is gener-
ated. It uses pandas [[18], scikit-learn [26], and standard
scientific Python libraries. The reusable functions are
released as the riftprospect package [7] with 14 unit
tests.



H. Disclosures

Because the study relies on a single known deposit
within the survey area, transparency about analyst de-
cisions is essential. Several decisions were made after
inspecting preliminary results. First, the raw percentile
values at Eagle were examined during an early quality-
control review of the grid, before the weights were fi-
nalized; weight selection was then based on the deposit
model rather than on optimization against Eagle. Second,
the minimum target size was originally three connected
cells. Because Eagle’s geophysical expression is a single-
cell anomaly, it did not appear in the target list, and
the criterion was removed; the original threshold would
have produced 945 targets and excluded Eagle. Third, the
geology mask was introduced after results highlighted
the Pence iron mine and nickel occurrences on the Ke-
weenaw Peninsula as highly ranked; these occurrences
are therefore not independent validation data. Finally,
five geochemical feature combinations and three near-
deposit radii were evaluated. All results are reported,
and none was selected preferentially. Every modeling
decision, with its alternatives, is listed in Appendix

V. RESULTS
A. Survey, samples, and labels

Figure[T|shows the RTP field, the MCR-GeoChem sam-
ples, and the known deposits. The magnetic fabric of
Block A records the Keweenawan lava pile of the Ke-
weenaw Peninsula and the folded iron formations and
intrusions of the Paleoproterozoic basins to the south,
whereas the smoother field of Block B reflects the Paleo-
zoic cover of the Michigan Basin. Of the 978 whole-rock
samples inside the survey (920 in Michigan and 58 in
Wisconsin), 664 are volcanic, 226 sedimentary, and only
63 intrusive; they cluster on the Keweenaw Peninsula
and in the western Upper Peninsula.

B. Geophysical score and the held-out Eagle deposit

The geophysical score (Fig.[2A) highlights discrete clus-
ters of high-scoring cells across the western and central
survey, where strong magnetic signatures coincide with
low K and Th, consistent with the expected expression
of small mafic—ultramafic intrusions. The eastern block
contains fewer anomalies: target density is 2.0 per 1,000
cells in Block A and 1.1 in Block B. The median score is
0.22. Uncertainty (Fig.[2B) is moderate: the median o
is 0.07 over the whole grid and 0.09 (about 12% of the
score) among the top 2% of cells, and 99% of the cells in
the top 2% under the preferred weights remain in the top
2% of the Monte Carlo mean. The ranking of the highest-
scoring cells is therefore insensitive to plausible changes
in weighting, even though individual scores vary.

TABLE IV. Percentile of the Eagle deposit (best cell within 1 km;
Eq.[10) under alternative scoring schemes.

Variant Pe
Final score (geology mask applied) 98.9
Geophysical score before mask 98.6
Equal weights (0.25 each) 98.1
Magnetic layers only 95.6
Radiometric layers only 88.4
200 random weightings, median 98.4

5th to 95th percentile 97.6 t0 98.8

The model identifies the Eagle deposit although Eagle
was excluded from model development. The Eagle cell
is in the 90th percentile of Block A for analytic signal
and the 94th for the residual field, and in the 23th and
17th for K and eTh, so it is low in both. Its final score,
Sg = 0.77 £ 0.10, places it at the 98.9th percentile after
the geology mask (Table[[V] Fig.BA); a search guided by
the map would examine only the highest-ranked 1.14%
of the area before reaching Eagle.

The result is robust across model configurations. Be-
fore the mask, Eagle ranks at the 98.6th percentile, so
its favorable score is driven by the geophysical evidence
rather than by the geologic filter. Equal weights give
the 98.1th percentile. Magnetic evidence alone places
Eagle at the 95.6th percentile and radiometric evidence
alone at the 88.4th, so magnetic data provide most of the
discrimination and radiometric data a secondary refine-
ment. Across 200 random weightings, Eagle’s median
percentile is 98.4, with a central 90% range of 97.6 to 98.8.

C. Secondary checks against MRDS

Four of the eight nickel-bearing MRDS records in
Michigan and Wisconsin fall inside the survey. The Ke-
weenaw “Michigan Nickel Deposits” records score at the
98.4th percentile before the mask and the 87.2th after it,
because they lie on the masked lava succession. The past-
producing Pence iron mine scores at the 98.8th percentile
before the mask and still at the 98.0th after it, showing
that the state-scale map does not capture every magnetic
iron-formation body. The MRDS “Eagle Project” point,
3.2 km from the USGS deposit coordinate, scores at only
the 48th percentile: for a target about one cell across, a
location error of a few kilometers is enough to miss it.
These records are not independent tests (Sec.[[VH), but
they illustrate the main source of false positives and the
importance of accurate deposit coordinates.

D. Geochemical fertility indicators

In contrast to the geophysical results, the geochemical
fertility indicators show little predictive ability under
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FIG. 1. The 2025 Earth MRI airborne survey [9]: reduced-to-pole magnetic anomaly on the 200 m grid, MCR-GeoChem whole-rock
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spatial cross-validation. The main model (Ni/Cu, MgO,
Mg-number) achieves an AUC of 0.29 (Table|V] Fig.[3B),
below the 0.5 expected for random discrimination. The
result remains poor for other definitions of proximity:
0.48 for a 2 km and 0.35 for a 5 km near radius. An AUC
well below 0.5 under grouped validation means that the
relation learned on some deposits reverses on others, as
expected when deposits differ in style and samples differ
in origin.

Several alternative feature sets produced higher AUC
values (Table [V). Models with absolute Cu and Ni
reached 0.65-0.66, and the model with Cu/Pd reached
0.74. These values should be interpreted cautiously. The
Cu/Pd model rests on only 29 far samples, because Pd
was analyzed mainly near deposits, so the availability
of the data partly reveals the label; and the ranking of
feature sets is unstable, the Cu, Ni, S model scoring 0.84
with a 2 km radius but 0.33 with 3 km. None of the
feature sets was adopted.

Cu/Pd nevertheless differs with distance from de-
posits (Fig. [). Igneous samples within 3 km of a de-
posit have a median Cu/Pd of 21,736 (n = 330), com-
pared with 31,568 (n = 138) beyond 10 km (two-sided
Mann-Whitney p = 4.9 x10~7), and near-deposit samples
extend to PGE-enriched values below 2,333, as expected
for rocks containing accumulated sulfide [2]. However,
many samples cluster around a few deposits, so the p-
value overstates the amount of independent evidence.
Lower Cu/Pd is consistent with sulfide fertility, but the
signal is neither strong nor widespread enough to sup-

s [10] (triangles), and the Eagle deposit (star). UTM zone 16N.

TABLE V. Spatially cross-validated AUC of geochemical models
(near: within 3 km of a deposit; far: beyond 10 km; Minnesota
intrusive rocks). Main-model AUC for near radii of 2, 3, and
5 km: 0.48, 0.29, 0.35.

Features AUC n near far
Ni/Cu, MgO, Mg# (main) 0.29 467 366 101
Cu, Ni, MgO 0.65 600 490 110
Cu, Ni, MgO, Mg#, Cr, Co 0.66 446 365 81
Cu/Pd, Ni/Cu, MgO 0.74 270 241 29
Cu, Ni, S 0.33 318 283 35

port regional prediction from public data alone.

E. Ranked targets

The geology-adjusted score produced 1,629 explo-
ration targets with a combined area of 751.8 km?, about
2% of the non-edge survey area (Fig. 5). Target sizes
range from single-cell anomalies to clusters of up to
16.7 km?; 459 targets consist of a single 200 m cell, con-
sistent with the compact size expected for Eagle-style
conduit intrusions, and the median area is 0.12 km?.

Targets are unevenly distributed between survey
blocks: Block A contains 1,233 and Block B 396. Most lie
on units outside the masked classes (1,036) or beneath
Phanerozoic sedimentary cover (507), and only 86 lie
within mapped intrusive units. Much of the remaining
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FIG. 2. (A) Geophysical score G (Egs. El and EI), the mean of 100 Monte Carlo realizations, before the geology mask. (B) Its
uncertainty 0. Star: the held-out Eagle deposit.
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3 km of a known Ni-Cu-PGE deposit (outline) and more than
10 km from all deposits (filled). Dashed lines: primitive-mantle
reference and class limits.

prospectivity therefore lies in areas with limited direct
geological information rather than in previously recog-
nized intrusions. Among the 50 highest-ranked targets,
39 are in Block A and 5 beneath cover; 20 targets lie
within 10 km of Eagle and 112 within 25 km.

Geochemical information is available for few targets:
only 45 of 1,629 have an igneous MCR-GeoChem sample
within 5 km, so target prioritization rests almost entirely
on geophysical evidence.

The Eagle anomaly is compact, and its peak score (0.77)
is lower than the peak scores of many other targets, so
the target containing Eagle ranks 724 of 1,629. Eagle is
in the top 2% of the area but not near the top of the list.
Membership in the target inventory is therefore more
informative than small differences in rank within it.

TABLE VI. The ten highest-ranked targets. Setting: dominant
SGMC class (Other: units outside the masked classes; Cover:
Phanerozoic sedimentary cover).

Target Lat. Lon. km? Peak Setting
MCR-T0001  46.064 -90.358 1.84 0911  Other
MCR-T0002  45.842  -88.027 1.08 0908  Cover
MCR-T0003  46.528 -87.709  6.68 0907  Other
MCR-T0004 45930 -86.528  6.04 0906  Cover
MCR-T0005  46.465 -87.807 6.04 0906  Other
MCR-T0006 ~ 46.111  -86.716 288 0905 Cover
MCR-T0007  46.525  -88.002  0.48 0903  Other
MCR-T0008  46.287  -88.440 148 0903  Other
MCR-T0009 46376  -88.357 1.84 0901  Other
MCR-T0010 45783  -87.183  4.00 0901  Cover

Table [VI| lists the ten highest-ranked targets. They
represent the strongest combinations of magnetic and
radiometric evidence after geologic filtering and are the
most compelling candidates for field verification, ground
geophysics, and, eventually, drilling.

VI. DISCUSSION

A. What the Eagle test demonstrates

The most important result is that a knowledge-driven
model built entirely from public airborne geophysical
data ranks the Eagle deposit among the most favorable
locations in the 2025 survey area. Eagle was excluded
from model construction and weight selection, yet the
best cell within 1 km of the deposit ranks at the 98.9th
percentile, so only 1.14% of the survey scores as high.
The result is stable across equal weighting, magnetic-
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FIG. 5. Final prospectivity score S after the geology mask (Eq. [6), target cells (top 2% of non-edge cells, red), and the ten highest-

ranked targets (labels). Star: the held-out Eagle deposit.

only scoring, and 200 random weightings, so it does not
depend on a narrow set of parameter choices.

The held-out test indicates that the survey captures the
geophysical characteristics expected of a conduit-hosted
mafic—ultramafic intrusion. Eagle’s response is driven
mainly by the magnetic evidence, the analytic signal
and the residual field, consistent with magnetite- and
pyrrhotite-bearing ultramafic rocks [22, 28]. Radiometric
data alone discriminate less well but improve perfor-
mance in combination, so low K and Th provide useful
complementary information.

The significance of this result should not be overstated.
With only one known deposit in the study area, rigor-
ous statistical validation is impossible. Ranking Eagle
highly demonstrates consistency between the model and
the deposit model, but it is not a calibrated measure of
discovery success: a randomly chosen location would
score as high 1.14% of the time. The decisions disclosed
in Sec. including the change to the minimum target
size and the introduction of the geology mask, also mean
that the validation is not perfectly blind. The appropriate
conclusion is limited but important: public airborne geo-
physical data contain enough information to identify a
known Eagle-type system, and the resulting inventory is
a transparent hypothesis that can be tested against future
discoveries.

B. Why public geochemistry contributed little predictive
power

The geochemical component yielded a very different
outcome. The main fertility model performed at or below
random expectation under spatially independent valida-
tion. This is initially surprising, because these indicators
are widely used in magmatic sulfide exploration [2, 13],

but three characteristics of the public data explain it.

First, the samples are not where the exploration prob-
lem is. Most MCR-GeoChem samples in the Upper Penin-
sula come from exposed Keweenawan volcanic rocks,
whereas the principal exploration interest lies in con-
cealed mafic—ultramafic intrusions in and around the
Baraga Basin, and no public sample lies within 10 km
of Eagle. The geochemical data therefore provide little
direct information about the setting the model is trying
to identify.

Second, all positive training samples come from Min-
nesota, mostly from the mineralized basal zones of
the Duluth Complex [19]. The model consequently
learns what distinguishes mineralized from unminer-
alized parts of the Duluth Complex rather than what
characterizes magmatic sulfide systems across the rift,
and relations that hold within one intrusive complex
need not transfer to geologically distinct conduit-hosted
systems such as Eagle [28].

Third, analytical coverage is biased by exploration his-
tory. Pd, S, and other fertility-related elements were pref-
erentially analyzed in drill core from programs targeting
known deposits, so models using them partly capture
where exploration has occurred rather than where min-
eralization is favorable. This explains the apparently
stronger, but unstable, performance of some alternative
feature sets.

The lower Cu/Pd of near-deposit samples is neverthe-
less consistent with established models of sulfide satura-
tion and PGE depletion [2, [13]. It appears to be driven
largely by sampling around the Duluth Complex de-
posits rather than to represent an indicator that can be
applied confidently across the survey area. The limitation
is therefore not the indicators but the spatial distribution
and analytical completeness of the public data. Addi-



tional modeling is unlikely to help until new data are
collected: systematic sampling of mafic—ultramafic intru-
sions in the Baraga Basin and surrounding regions, with
PGE analyses, would contribute more to regional assess-
ment than further refinement of existing compilations.

C. False positives, geological complexity, and concealed
targets

Not all magnetic anomalies represent ore-bearing intru-
sions. The Paleoproterozoic iron formations of the Mar-
quette, Menominee, and Gogebic ranges produce strong
anomalies that can resemble prospective intrusions, and
thick Keweenawan basalt flows contain magnetite-rich
units that raise magnetic response over large areas. The
geology mask reduced these effects, but the continued
high ranking of the Pence iron mine shows that regional
mapping alone does not remove every non-prospective
magnetic source. Future versions could improve dis-
crimination with gravity data, more detailed lithologic
mapping, depth-to-source estimates, and information
extracted directly from the airborne line data.

Concealed terrain presents an additional challenge.
507 targets lie beneath Phanerozoic cover, where the
depth to the magnetic source may vary considerably:
some may represent shallow intrusions beneath thin
cover and others deeply buried basement features of
limited exploration value. Depth estimation would allow
concealed targets to be ranked by probable drillability as
well as by geophysical similarity.

D. Implications for exploration and future surveys

The target inventory is a screening tool, not a predic-
tion of undiscovered deposits. It reduces a survey area of
nearly 39,000 km? to about 750 km? of prioritized targets
while preserving the uncertainty and geological context
of each target, which makes reconnaissance-scale explo-
ration considerably more efficient. The strongest targets
combine favorable magnetic and radiometric character-
istics while avoiding mapped iron formation and vol-
canic rocks; several lie beneath sedimentary cover, where
conventional mapping provides little guidance, which
highlights the value of airborne geophysics in covered
terranes.

For geological surveys, the list provides a transparent
framework for planning ground geophysics, mapping,
geochemical sampling, and re-evaluation of drill core.
For industry, it offers a reproducible set of areas that can
be assessed with proprietary data. Because all inputs
and methods are public, the results can also serve as a
benchmark against which future prospectivity methods
are evaluated.
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E. Usage considerations

Scores are percentile-based and represent relative fa-
vorability rather than probability of mineralization; they
rank locations within the survey and do not estimate re-
sources or economic potential. Because percentiles were
computed separately within the two blocks, small differ-
ences between Blocks A and B may reflect survey design
rather than geology, so membership in the inventory is
more informative than small differences in rank. Uncer-
tainty is integral to the results: targets with similar scores
but different uncertainties are not equally compelling.
The score measures similarity to an Eagle-style deposit
model and does not consider land access, permitting,
resource size, economics, or metallurgy, and the Cu/Pd
labels attached to a few targets are descriptive rather
than predictive.

VII. LIMITATIONS

(1) Only one known magmatic Ni-Cu-PGE deposit,
Eagle, lies within the survey, so predictive accuracy, dis-
covery rates, and false-negative rates cannot be estimated
with meaningful confidence. (2) The Eagle test is not per-
fectly blind (Sec. ; although the decisions are docu-
mented, some analyst bias cannot be excluded. (3) The
final map is driven almost entirely by geophysics; the
geochemical indicators failed spatial cross-validation and
contribute only a descriptive attribute. (4) Unmapped or
poorly mapped magnetic lithologies remain a significant
source of false positives. (5) Depth to source is not esti-
mated, so the 507 targets beneath sedimentary cover can-
not be distinguished from shallow anomalies, and some
may be too deep to be practical. (6) Block A was flown
on 150 m and Block B on 400 m line spacing, so small
intrusions are better resolved in the west. (7) Cells within
1 km of data edges, 4.5% of the area, were excluded
from target generation. (8) Public geochemical coverage
is sparse and spatially clustered: no sample lies within
10 km of Eagle, only 94 samples in the survey have both
Cu and Pd, and statistical tests may overstate the inde-
pendent evidence. (9) Absence from the USGS database
does not imply absence of mineralization; undiscovered
deposits, undocumented occurrences, and proprietary
drilling, geophysical, and geochemical data are not rep-
resented. (10) The ten Minnesota deposits lie outside
the survey footprint, so the geophysical method could
not be tested against multiple deposits. Together, these
limitations mean that the inventory should be viewed as
a transparent, reproducible screening tool rather than a
definitive prediction, to be re-evaluated as new discover-
ies, geophysical data, systematic geochemical sampling,
and drilling become available.



VIII. CONCLUSIONS

A transparent, knowledge-driven prospectivity model
based entirely on public data identifies geophysically
favorable targets for magmatic Ni-Cu-PGE mineraliza-
tion in the Midcontinent Rift. Using the 2025 Earth MRI
airborne magnetic and radiometric survey, the held-out
Eagle deposit ranks at the 98.9th percentile of the study
area and remains highly ranked across a wide range of
evidence weightings and model configurations, which
indicates that the geophysical signature of an Eagle-style
conduit intrusion is detectable at regional scale.

In contrast, public geochemical fertility indicators
showed limited predictive value under spatially inde-
pendent validation. Although Cu/Pd is systematically
lower near known deposits, models based on Ni/Cu,
MgO, and Mg-number failed to discriminate deposit-
proximal from distal samples once whole deposits and
areas were withheld from training. The principal limi-
tation is the uneven spatial distribution of samples and
analyses rather than the indicators themselves.

These findings lead to two complementary conclusions.
First, the Earth MRI survey contains enough geophysical
information to identify Eagle-type targets and supports a
reproducible inventory of 1,629 ranked targets across the
Upper Peninsula of Michigan and northern Wisconsin.
Second, improvements in regional prospectivity map-
ping are more likely to come from new geochemical data
than from more sophisticated modeling of existing data;
systematic whole-rock and PGE sampling of the Baraga
Basin intrusions and other rift mafic—ultramafic bodies
would substantially strengthen future assessments. We
release the target inventory [6], uncertainty estimates,
interactive map, and the riftprospect workflow [7].
Future versions will incorporate gravity data, depth-to-
source estimates, higher-resolution geology, and occur-
rence records from the state geological surveys, so that
the framework can be re-evaluated and improved as new
discoveries and data become available.

DATA AND CODE AVAILABILITY

The riftprospect v0.1.1 software and workflow
are archived at doi:10.5281/zeno0d0.23697827| (MIT li-
cense) [7], installable with pip install riftprospect,
and developed at https://github.com/bkdanso/rif
tprospectl The ranked target table, the 200 m grid
with every evidence layer and score, and the validation
statistics are archived at d0i:10.5281/zenodo.23697829
(CC BY-SA 4.0) [6]. The interactive map is at https:
//bkdanso.github.io/riftprospect/. Every num-
ber in this paper is generated from the statistics files in
the repository. Users should also cite the original data
sources [5},9] 10,12, 35].
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Appendix A: Target table columns
Table [VII| defines the columns of the released target table.
8

TABLE VII Columns of the released target table (targets_ranked.csv).

Column Meaning

target_id Permanent identifier, MCR-T + rank

rank 1 = highest peak score

latitude, longitude Target center, WGS84

area_km?2 Number of cells x 0.04 km?

score_mean, score_max Mean and peak final score S

score_sd_mean Mean Monte Carlo uncertainty og

block Survey block, A or B

geo_class Dominant SGMC class

cu_pd_label Cu/Pd class of nearest igneous sample within 5 km
km_to_known_ni_cu_pge Distance to nearest USGS Ni-Cu-PGE deposit

Appendix B: Modeling decisions
Table lists every modeling decision, its setting, and the main alternatives considered.

TABLE VIIL. Modeling decisions, settings, and the main alternatives considered.

D Decision Setting (alternatives)

D1 Label strategy Geochemistry trained in Minnesota; geophysics knowledge-driven; Eagle held
out (positive-unlabeled learning on 3—4 positives; rule-based only)

D2 Near radius 3 km near, >10 km far (2 or 5 km)

D3 Fe?* share for Mg# 0.9 (0.85, 1.0)

D4 Below-detection values in ratios Treated as missing (half the limit)

D5 Cu/Pd classes Reference 7,000; x3 and +3

D6 Evidence weights 0.35/0.35/0.15/0.15; midpoint 75th percentile (equal weights)

D7 Targets Top 2% of non-edge cells; single cells allowed (top 1%; minimum three cells)

D8 Geochemical training rocks Intrusive, not flagged altered (all igneous)

D9 Role of geochemistry Descriptive label only (geochemical score blended with weight 0.3)

D10 Reach of Cu/Pd label 5km (2, 10 km)

D11 Geology mask Iron formation +500 m x0.3; Mesoproterozoic volcanic x0.6 (no mask)

D12 Phanerozoic cover Flagged, not down-weighted (down-weighted; excluded)

QA Edge rule Cells within 1 km of a data edge cannot be targets




