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FERTILE OR BARREN: AN OPEN BENCHMARK FOR TESTING GEOCHEMICAL FERTILITY
INDICES ON MINERALIZED AND BARREN MAFIC-ULTRAMAFIC INTRUSIONS

Bezali Kwame Danso ®,!* Josephine Opare Dankwa ®,2 and Adwoa Aduaba Aidoo ©3

ABSTRACT

Magmatic Ni-Cu-PGE sulfide deposits form through a sequence of processes (e.g., magma generation, transport, crustal
interaction, sulfur saturation, and sulfide accumulation). These processes can modify whole-rock compositions in different
ways, making it challenging to evaluate the geochemical fertility of mafic-ultramafic magmatic intrusions. Several
whole-rock fertility indices have been proposed to identify intrusions capable of hosting magmatic sulfide mineralization,
yet their performance is rarely assessed using a common dataset and consistent sampling criteria. We present Fertile or
Barren, an open benchmark assembled from GEOROC 2.0 compilations and U.S. Geological Survey deposit databases to
evaluate published geochemical fertility indices for magmatic Ni-Cu-PGE systems. We identified 31,886 mafic-ultramafic
plutonic samples, including 13,025 samples from 514 named intrusions represented by at least five analyses from 521,961
analyses. Intrusions were classified as fertile, weakly mineralized or barren and individual samples were assigned to
petrologic categories including cumulate, chilled margin, fine-grained dike/sill, altered, and unresolved. We developed
a public scoring workflow that evaluates each index using intrusion-weighted receiver operating characteristic (ROC)
area-under-the-curve (AUC) statistics with bootstrap confidence intervals. Three indices (Ni/Cu, Ni depletion relative
to MgO, and Cu/Zr) performed significantly below random expectation (AUC < 0.5), ranking barren intrusions above
fertile ones. For depletion-based indices, this result is consistent with the predominance of sulfide-bearing cumulates in the
fertile dataset, which comprise 65% of all fertile samples, rather than the sulfide-poor magma compositions these indices
were originally designed to evaluate. This work provides a reproducible framework for evaluating existing geochemical
fertility indices and identifying the geological and sampling conditions under which their application is most defensible by
combining intrusion-level mineralization labels with sample-level petrologic classifications.

Keywords: critical minerals; magmatic sulfide deposits; Ni-Cu-PGE; geochemical fertility; GEOROC; exploration

geochemistry; magma fertility; benchmark dataset.

1. INTRODUCTION

Magmatic nickel-copper-platinum-group element (Ni-Cu-PGE)
sulfide deposits constitute the world’s principal source of nickel
and platinum-group elements and an important source of cobalt
[1, 2], commodities that are increasingly important for energy,
transportation, and defense technologies. These economic
metals get enriched when mantle-derived mafic to ultramafic
magmas become saturated in sulfur, segregate an immiscible
sulfide liquid, and subsequently concentrate that liquid into
mineralized accumulations. Because Ni, Cu, and the PGE parti-
tion strongly into sulfide relative to silicate melt, the formation,
transport, and accumulation of sulfide liquid can produce large
variations in metal tenor among otherwise related magmas and
intrusive bodies. Therefore, Ni-Cu-PGE deposit formation
depends on a sequence of interconnected processes including
magma generation, magma transport, crustal interaction, sul-
fide saturation, and sulfide accumulation, rather than on any
single characteristic of a parental magma [3, 4].

The multistage nature of ore formation makes intrusion fer-
tility difficult to evaluate using whole-rock geochemistry alone.
Many geochemical indices have been proposed to identify mag-
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mas or intrusions favorable for magmatic sulfide mineraliza-
tion (e.g., [5-7]). These include indices based on chalcophile-
element ratios such as Cu/Pd, Pd/Ir, and Cu/Zr; nickel deple-
tion relative to MgO; indicators of crustal contamination such
as Th/Nb and La/Sm; and sulfur-based measures including S
and S/Se ratios [3, 5—12]. These approaches seek to identify
geochemical signatures associated with processes thought to
promote ore formation, including primitive magma compo-
sitions, crustal contamination, sulfide segregation, and metal
enrichment.

A fundamental challenge, however, is that whole-rock com-
positions record not only the fertility of a magmatic system
but also the petrologic context of individual samples [13, 14].
Chilled margins and fine-grained dikes may preserve composi-
tions that approximate parental magmas entering an intrusion,
whereas cumulates primarily record crystal accumulation and
magmatic differentiation [15-17]. Post-magmatic alteration
may further modify major- and trace-element compositions
[14, 18]. As aresult, a fertility index may distinguish among
sample types or preservation states rather than between min-
eralized and barren systems. Comparisons that mix chilled
margins, cumulates, differentiated rocks, and altered samples
can therefore confound the geochemical signals of ore-forming
processes with those of crystallization, accumulation, and al-
teration.

A second challenge is that published fertility indices were
developed using different datasets, sampling strategies, analyti-
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Figure 1a. Locations of the 514 benchmark intrusions with at least five GEOROC samples, colored by label: fertile (34), weakly mineralized
(19) and barren (461). Robinson projection; coordinates are the median of each intrusion’s sample coordinates.
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Figure 1b. Benchmark intrusions in the conterminous United States (15 intrusions: 2 fertile, 13 barren), shown with the 31 Ni-Cu-PGE and
low-sulfide PGE deposits in the conterminous US listed in the USGS Critical Mineral Deposits database ver. 3.0 (crosses). 13 of these deposits,
all outside the Stillwater and Duluth districts, lie more than 30 km from any benchmark sample (for example the Maine deposits, Tamarack and
Eagle), so their host intrusions are not represented. Mellen, Beaver Bay and 47th Avenue share one generalized GEOROC coordinate (asterisk).

Albers equal-area projection.

cal methods, and definitions of mineralization (e.g., [19, 20])
and therefore reported successes cannot be compared directly.
An index calibrated on one group of intrusions may appear
effective simply because of the samples included in the orig-
inal study. This problem is analogous to model evaluation
in machine learning, where meaningful comparison requires
a common dataset, standardized labels, and a shared perfor-
mance metric [21]. Without such a benchmark, it is difficult to

determine whether differences among fertility indices reflect
genuine predictive skill or differences in the underlying data
used to develop them.

Here we present a curated benchmark dataset assembled
from GEOROC 2.0 geochemical compilations [22-24] and
the U.S. Geological Survey critical mineral deposits database
[25]. GEOROC provides published whole-rock geochemical
analyses and associated sample metadata, whereas the USGS
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database supplies independently documented information on
mineralized systems. The benchmark is designed to evaluate
how effectively published geochemical fertility indices distin-
guish intrusions hosting magmatic Ni-Cu-PGE sulfide mineral-
ization from barren intrusions using a common set of samples,
classifications, and scoring procedures. A central feature of the
benchmark is explicit recognition of petrologic sample type.
Each sample is classified as a chilled margin, fine-grained dike
or sill, cumulate, altered, or unresolved. These labels allow fer-
tility indices to be evaluated on comparable sample populations
and make it possible to determine whether index performance
varies systematically with sample type. An index evaluated
on chilled-margin compositions may reflect processes operat-
ing in primitive magmas, whereas the same index applied to
cumulates may primarily capture crystal accumulation or sul-
fide enrichment. Evaluating indices within defined petrologic
groups therefore provides a more rigorous test of the geological
processes that individual indices are intended to represent.

The benchmark is intended as an evaluation framework
rather than a direct predictor of undiscovered mineral resources.
Its results depend on the quality of published geochemical data,
the completeness of sample metadata, the criteria used to de-
fine mineralization, and the distribution of available sample
types across intrusions. However, by combining intrusion-level
mineralization labels with sample-level petrologic classifica-
tions and an open scoring workflow, the benchmark provides a
reproducible basis for evaluating existing geochemical fertility
indices, identifying their limitations, and highlighting critical
gaps in publicly available geochemical datasets. As a first ap-
plication, we use the benchmark to compare published fertility
indices within a common analytical framework and establish
an initial performance leaderboard for open-data evaluation of
magmatic Ni-Cu-PGE exploration criteria.

2. DATA AND METHODS

2.1 Data Sources

Geochemical data were obtained from the GEOROC precom-
piled compilations [24] (DIGIS Team, September 2026 re-
lease), comprising ten tectonic-setting compilations distributed
through GRO.data under a CC BY-SA 4.0 license (Table Al).
File fingerprints were recorded in the project provenance log to
ensure reproducibility. The combined dataset contains 521,961
unique whole-rock analyses. The GEOROC Rock Types com-
pilation was used as an independent completeness check. In-
formation on mineralized systems was compiled from multiple
sources, including the USGS Critical Mineral Deposits of the
United States, version 3.0 [25], the USGS magmatic Ni-Cu-
PGE deposit inventory [26], the USGS Mineral Resources Data
System (MRDS) [27], and a curated literature database. After
filtering to magmatic Ni and PGE occurrences, 665 MRDS
records were retained for deposit classification.

2.2 Sample Selection and Intrusion Assignment

The initial compilation was filtered to plutonic mafic and
ultramafic rocks using GEOROC lithological classifications.
Retained rock types included gabbro, norite, troctolite,
anorthosite, peridotite, dunite, pyroxenite, dolerite, picrite, cu-

mulate rocks, and related lithologies. Samples associated with
mantle xenoliths, kimberlite-hosted material, abyssal mantle,
ophiolite complexes, orogenic peridotite massifs, and alkaline-
carbonatite systems were excluded. The resulting dataset con-
tained 31,886 samples (Table A2).

Each sample was assigned to an intrusion using the
GEOROC location hierarchy. Intrusion assignments were
based on specific location level corresponding to an intrusion,
layered complex, sill, chonolith, or equivalent igneous body.
Where necessary, location comments were used to refine as-
signments. Samples lacking intrusion-level information and
recorded only at a regional scale could not be assigned and
were excluded from intrusion-based analyses. In total, 16,395
samples lacked sufficient geographic specificity for intrusion
assignment. Intrusion names were standardized to remove
spelling variations and synonymous forms using a manually
curated alias table. Only intrusions represented by at least five
samples were engaged in the benchmark dataset.

2.3 Intrusion Mineralization Labels

Intrusions were classified into three mineralization categories:
FERTILE: intrusions hosting a magmatic Ni-Cu-PGE sulfide
deposit or reef-type PGE deposit with reported production or
published mineral resources; WEAK: intrusions containing
documented prospects or mineral occurrences but lacking es-
tablished resources or production; BARREN: intrusions for
which no evidence of magmatic Ni-Cu-PGE mineralization
was identified. Initial classifications were generated using spa-
tial and name-based matching against the USGS magmatic
Ni-Cu-PGE inventory, USGS deposit databases, and MRDS
records. Deposits or occurrences located within 10 km of in-
trusion sample locations were considered potential matches.
MRDS producers were provisionally classified as FERTILE,
whereas MRDS occurrences were classified as WEAK.
Because automated approaches provided uneven global cov-
erage, particularly outside North America, intrusion classifica-
tions were subsequently reviewed against a curated literature
compilation. Literature-based classifications were given prece-
dence where conflicts existed. Every intrusion classified as
FERTILE or WEAK is supported by at least one published
source documenting mineralization (Supplementary Table S1).
Attention was given to cases where automated and literature-
derived evidence disagreed. A total of 127 intrusions required
manual review, including large intrusive complexes lacking
deposit records and intrusions with conflicting classifications.
Final automated and curated classifications differed for 66 intru-
sions, all of which are documented in the project repository. To
acknowledge uncertainty in negative classifications, BARREN
intrusions were assigned confidence levels. High-confidence
barren classifications correspond to intrusions documented in
the literature but associated only with other mineralization
styles (e.g., Fe-Ti-V oxide or chromite deposits). Medium-
confidence classifications correspond to reviewed intrusions
located in regions with dense deposit coverage and reliable
coordinate data. Remaining barren intrusions were assigned
low confidence. The final benchmark contains 514 intrusions,
including 34 FERTILE, 19 WEAK, and 461 BARREN systems,
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Figure 2. Sample-type composition of fertile (n = 3,047), weakly mineralized (n = 1,514), and barren (n = 8,464) intrusions. Bars show the
percentage of samples in each category. Cumulate samples account for 65% of samples from fertile intrusions, compared with 26% from weakly
mineralized and 21% from barren intrusions. “Unresolved” indicates samples that could not be assigned to a specific type.

represented by 3,047, 1,514, and 8,464 samples, respectively
(Table A3).

2.4 Sample-Type Classification

To distinguish between petrologic contexts relevant to fertility
assessment, each sample was assigned a single sample-type
classification using a transparent hierarchy of reproducible
rules. Five categories were recognized (Table A4): (1) AL-
TERED: samples with loss-on-ignition (LOI) values greater
than 5 wt.%, moderate to extensive alteration recorded in
GEOROC metadata, or alteration-related terminology in the
sample description; (2) CHILLED_MARGIN: samples de-
scribed as chilled, quenched, marginal, or contact rocks; (3)
CUMULATE: samples explicitly described as cumulates, ex-
hibiting cumulate textures, composed of characteristic ultra-
mafic or monomineralic cumulate lithologies, or containing
>25 wt.% MgO; (4) FINE_GRAINED_DIKE_SILL: samples
identified as dolerite, diabase, picrite, or associated with dike
and sill units; (5) UNRESOLVED: samples that did not meet
the criteria for the preceding categories.

The classification workflow records both the rule responsi-
ble for each assignment and whether the supporting evidence is
considered strong or weak. Several quality-control procedures
were applied prior to index calculation (Table A7). A small
number of PGE analyses were reported in inconsistent units in
the original compilations. Following verification against the
source publications, these values were converted to common
units. MgO concentrations below 0.5 wt.% were also excluded
from all lithologies except anorthosite, where low MgO values
are expected.

2.5 Fertility Indices and Performance Evaluation

Twelve fertility indices were evaluated (Table AS5). Eight cor-
respond to previously published geochemical indicators of
magmatic sulfide fertility, whereas four represent exploratory
variants developed for this study. All indices were implemented
programmatically to ensure consistent calculation and repro-
ducibility. Published indices were oriented according to the
fertility hypotheses proposed in their original studies. Ex-
ploratory indices, including a two-sided Cu/Pd deviation from
primitive mantle, Pt/Pd, Ni/Cu, and Zt/Y, were assigned direc-
tional interpretations prior to evaluation. Ratio-based indices

were log-transformed before scoring. Nickel depletion was
quantified as the negative residual from a label-independent
quadratic regression of log(Ni) versus MgO fitted across the
entire dataset. Primitive mantle normalizations followed the
values of McDonough and Sun [28].

Index performance was assessed using the area under the
receiver operating characteristic curve (ROC AUC) for discrim-
ination between FERTILE and BARREN intrusions. WEAK
intrusions were excluded from performance calculations. To
prevent heavily sampled intrusions from dominating results,
each sample received a weight equal to the inverse of the num-
ber of samples assigned to its intrusion, thereby giving all
intrusions equal influence on the final score [29]. Uncertainty
was estimated using 2,000 bootstrap resamples of intrusions
within each mineralization class. Reported confidence inter-
vals correspond to the 95% bootstrap percentile range. An
AUC value greater than 0.5 indicates that an index preferen-
tially ranks fertile intrusions above barren intrusions, whereas
values below 0.5 indicate the opposite relationship. Scores
were calculated for the complete dataset and separately for
each sample-type category. To ensure meaningful evaluation, a
sample-type subset was scored only when at least five fertile
and five barren intrusions contained valid data. For methods
requiring parameter estimation or model fitting, performance
was evaluated using a fixed holdout set comprising 30% of
intrusions, reserved prior to model development and excluded
from parameter tuning.

3. RESULTS

3.1 Benchmark Composition and Sample Distribution

The final benchmark comprises 13,025 samples from 514
named mafic-ultramafic intrusions distributed across all major
continents (Fig. 1a). The dataset includes 34 FERTILE, 19
WEAK, and 461 BARREN intrusions, represented by 3,047,
1,514, and 8,464 samples, respectively. The geographic distri-
bution of benchmark intrusions spans Archean cratons, conti-
nental rifts, large igneous provinces, layered intrusions, and
arc-related magmatic systems, providing a globally distributed
test set for evaluating fertility indices. 13 of the 31 continental
USA deposits lie more than 30 km from any benchmark sample
(Fig. 1b). These are the five Maine deposits, the four Tamarack
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Figure 3. Leaderboard of the twelve fertility indices. Points show the intrusion-weighted ROC AUC and bars the 95% confidence interval from

2,000 intrusion bootstrap resamples, for all sample types (left) and for c

umulate samples only (right). Values above 0.5 (dashed line) mean

the index ranks fertile intrusions above barren ones; values below 0.5 mean it ranks barren intrusions above fertile ones (“works backwards”).
Asterisks mark the four exploratory indices defined for this study. “Insufficient data”: fewer than five fertile or five barren intrusions had data for

the index.

Table 1. Leaderboard: intrusion-weighted ROC AUC (95% bootstrap confi
marks subsets with fewer than five fertile or five barren intrusions. Cove
needs. Asterisks mark exploratory indices.

w9

dence interval) for each index, for all samples and by sample type.
rage is the share of benchmark samples with the elements the index

Chilled margins +

Fertile / barren

Index All samples Cumulates dikes/sills Altered Unresolved intrusions Coverage
Pd/Ir 0.75 (0.62-0.85)  0.76 (0.62-0.88) - - - 10740 5%
Pt/Pd* 0.71 (0.59-0.83)  0.73 (0.60-0.85) - - - 9746 6%
S/Se 0.60 (0.35-0.83) - - - - 717 2%
S 0.60 (0.47-0.72)  0.69 (0.54-0.83) 0.41 (0.20-0.61)  0.66 (0.42-0.85) 0.60 (0.41-0.77) 21/48 10%
Th/Nb 0.56 (0.47-0.65) 0.52 (0.40-0.63) - 0.58 (0.45-0.71)  0.54 (0.43-0.64) 26/351 57%
|Alog(Cu/Pd)|* 0.55 (0.42-0.69)  0.69 (0.53-0.83) - 0.44 (0.26-0.63) - 9/31 4%
La/Sm 0.51 (0.42-0.59) 0.55 (0.44-0.65) - 0.53 (0.42-0.64) 0.51 (0.41-0.61) 28/370 59%
Zr/Y* 0.49 (0.41-0.57) 0.52(0.41-0.63) 0.46 (0.20-0.72)  0.46 (0.34-0.59) 0.49 (0.40-0.60) 29/384 67%
Cu/Pd 0.37 (0.19-0.58)  0.44 (0.19-0.72) - 0.51 (0.26-0.77) - 9/31 4%
Ni/Cu* 0.37 (0.30-0.43) 0.55(0.44-0.64) 0.37 (0.17-0.63)  0.55 (0.43-0.66) 0.43 (0.35-0.51) 29 /264 54%
Ni depletion (vs MgO) 0.34 (0.28-0.41) 0.40 (0.31-0.51)  0.40 (0.14-0.67) 0.36 (0.26-0.48) 0.41 (0.30-0.52) 2717358 64%
Cu/Zr 0.31 (0.23-0.38)  0.35 (0.25-0.46) - 0.20 (0.11-0.30)  0.41 (0.30-0.52) 257266 51%

zones, Eagle deposit, Gap (Pennsylvania), Red Flats (Oregon)
and Key West (Nevada), so their host intrusions aren’t repre-
sented in GEOROC. The remaining 18 are in the Stillwater and
Duluth districts, which do have samples.

Sample-type distributions vary markedly among mineral-
ization classes (Fig. 2). Fertile intrusions are strongly domi-
nated by cumulate rocks, which constitute approximately 65%
(1,976/3,047) of all fertile samples. In contrast, cumulates
account for only 21% of samples from barren intrusions. Bar-
ren intrusions contain substantially higher proportions of fine-
grained dike and sill samples (26%) and unresolved litholo-
gies (46%) than fertile intrusions. Altered samples comprise
a relatively small proportion of each class, ranging from ap-
proximately 6-7%. The benchmark also reveals imbalance in

the availability of parental magma proxies. Chilled-margin
samples are rare throughout the dataset, and only ten fertile
intrusions contain any chilled-margin or fine-grained dike/sill
samples. The benchmark is dominated by cumulate lithologies
from fertile systems rather than by magma compositions that
directly record intrusion emplacement. This imbalance has
important implications for the interpretation of fertility indices
because many published indices were originally developed to
evaluate parental magma signatures rather than cumulate rocks.

3.2 Performance of Published Fertility Indices

Index performance was evaluated using intrusion-weighted
receiver operating characteristic area under the curve (ROC
AUC) values, with confidence intervals generated by bootstrap
resampling (Table 1; Fig. 3). Across all sample types, Pd/Ir
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Figure 4. Intrusion-weighted area under the receiver operating characteristic curve (AUC) for each geochemical index, calculated using all
samples and the indicated sample types. Cells are marked “n/a” where fewer than five fertile or five barren intrusions had data for that index and
sample type. The diverging color scale is centered at AUC = 0.5; asterisks denote the same conditions as in Figure 3.

achieved the highest discrimination between fertile and bar-
ren intrusions, yielding an intrusion-weighted AUC of 0.75
(95% CI: 0.62-0.85). The exploratory Pt/Pd metric ranked
second with an AUC of 0.71 (95% CI: 0.59-0.83). These were
the only indices whose confidence intervals remained entirely
above 0.5, indicating statistically robust discrimination of fer-
tile and barren intrusions within the benchmark. Indices based
on sulfur abundance and sulfur behavior showed intermediate
performance. Both S/Se and S achieved AUC values of approx-
imately 0.60, suggesting modest but positive discrimination.
Indices intended to capture crustal contamination yielded val-
ues close to random classification. Th/Nb produced an AUC
of 0.56, La/Sm yielded 0.51, and Zt/Y yielded 0.49, indicating
only weak separation of fertile and barren systems.

Some important fertility metrics performed substantially
worse than random expectation. Ni/Cu, Ni depletion relative
to MgO, and Cu/Zr produced AUC values of 0.37, 0.34, and
0.31, respectively. The confidence intervals for these indices
remained entirely below 0.5, indicating that they systemati-
cally ranked barren intrusions ahead of fertile intrusions in
the benchmark dataset. Cu/Pd also yielded an AUC of 0.37,
but its confidence interval (0.19-0.58) includes 0.5. Rather
than reflecting an absence of signal, these results imply that
the direction of association predicted by the original fertil-
ity hypotheses is reversed in the compiled sample population.
Overall, the leaderboard is dominated by PGE-based metrics,
whereas contamination-based and depletion-based indices pro-
vide limited discrimination between fertile and barren intru-
sions (Table 1; Fig. 3).

3.3 Influence of Sample Type on Index Performance

The effectiveness of fertility indices varies considerably with
sample type (Figs. 3 and 4; Table 1). Restricting analysis to

cumulate samples generally improved performance for many
indices. Among cumulates, Pd/Ir increased slightly from 0.75
to 0.76, while Pt/Pd increased from 0.71 to 0.73. Sulfur con-
centration showed one of the largest improvements, increasing
from 0.60 in the complete dataset to 0.69 in cumulates. Several
indices that performed poorly in the full dataset showed notable
improvement when evaluated only on cumulates. For example,
the exploratory |Alog(Cu/Pd)| metric increased from 0.55 to
0.69, and Ni/Cu increased from 0.37 to 0.55. Although these
indices remained weaker than Pd/Ir and Pt/Pd, the magnitude
of the improvement demonstrates that lithologic mixing can
substantially influence observed assay performance.

Performance within altered samples differed markedly from
that observed in cumulates. In some cases, discrimination
weakened substantially. For example, Cu/Zr decreased to an
AUC of 0.20 in altered rocks, while Ni depletion remained
consistently below random expectation across most sample
classes. These results indicate that alteration and sample con-
text can substantially modify the behavior of fertility indicators
originally developed for relatively fresh magmatic rocks. The
scarcity of chilled-margin samples prevented stout evaluation
of most indices in compositions interpreted to approximate
parental magmas. Only a small subset of indices met the min-
imum data requirements for chilled-margin and fine-grained
dike/sill categories, and confidence intervals remained corre-
spondingly broad. The current benchmark provides a much
stronger assessment of index performance in cumulates than in
parental magma compositions.

3.4 Sensitivity Analysis

To evaluate the effect of uncertainty in barren classifications,
the analysis was repeated using only MEDIUM- and HIGH-
confidence barren intrusions. Restricting the benchmark in
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this manner produced only modest changes in leaderboard
rankings. The highest-performing index, Pd/Ir, declined from
an AUC of 0.75 to 0.71, while retaining its position as the
best-performing metric. The limited change observed during
sensitivity testing suggests that the principal conclusions of
the benchmark are robust to reasonable variations in barren-
intrusion classification. Complete sensitivity-analysis results
for all indices are provided in the accompanying data release
(Table A6).

3.5 Label Verification and Quality Control

Benchmark construction included manual review of intrusion
classifications and automated sample assignments. The authors
reviewed 127 intrusion labels where automated and literature-
derived evidence conflicted or where known mineralized sys-
tems lacked supporting database records. Each reviewed in-
trusion was either confirmed or reassigned based on published
deposit documentation, and all final decisions are archived with
the benchmark dataset. As an additional quality-control mea-
sure, eleven named and randomly selected samples were traced
back to their original GEOROC records. In every case, bench-
mark values matched the source compilation, indicating that
sample extraction and processing were performed correctly.
Sample-type classifications were subjected to preliminary
spot checks, but a systematic expert review has not yet been
completed. No quantitative agreement statistic between rule-
based and expert classifications is reported in the present ver-
sion of the benchmark. The current sample-type tags should
therefore be regarded as provisional. A formal validation ex-
ercise comparing rule-based classifications with expert inter-
pretations is planned for version 0.2 of the benchmark and will
provide an independent assessment of classification accuracy.

4. DISCUSSION

The benchmark highlights a fundamental challenge in evaluat-
ing geochemical fertility indices: many indices were developed
to diagnose specific stages of the magmatic sulfide-forming
process, yet compiled datasets often contain samples that rep-
resent very different petrologic contexts. As a result, index
performance reflects not only the validity of the underlying geo-
chemical model, but also whether the sampled rocks preserve
the geological signal that the index was designed to detect.
Three of the poorest-performing indices in the benchmark,
Cu/Zr, Ni depletion relative to MgO, and Cu/Pd, illustrate this
problem clearly. These indices were developed to identify
magmas that have lost chalcophile metals to an immiscible
sulfide liquid. In their intended setting, sulfide segregation
removes Cu, Ni, and PGE from the silicate melt, producing
geochemical depletion signatures in residual liquids [30, 31].
Such signatures are most appropriately evaluated in rocks that
approximate magma compositions, including chilled margins
and fine-grained feeder dikes. However, when applied to cu-
mulates containing accumulated sulfide minerals, the expected
relationships are reversed. High Cu relative to Zr, elevated Ni
at a given MgO content, and low Cu/Pd ratios can reflect sulfide
accumulation rather than sulfide depletion [32-34]. Indices
designed to identify depleted melts may systematically rank

sulfide-rich cumulates as fertile when interpreted in reverse
or rank barren systems ahead of fertile systems when applied
without regard to sample type [35, 36].

The benchmark demonstrates this effect at a global scale.
Fertile intrusions in the dataset are represented by cumulate
rocks, which constitute 65% of all fertile samples, whereas
chilled margins and fine-grained dike or sill samples are rare.
The poor performance of depletion-based indices therefore
does not necessarily invalidate the geological concepts under-
lying those indices. Rather, it indicates a mismatch between
the sample types for which the indices were developed and
the sample types that dominate available open geochemical
compilations. This result emphasizes a long-recognized princi-
ple in magmatic sulfide exploration: depletion indices should
be evaluated primarily on rocks that preserve liquid composi-
tions rather than on rocks dominated by crystal accumulation
and sulfide concentration [37, 38]. In contrast, the strongest-
performing indices in the benchmark are based on platinum-
group element ratios. Pd/Ir achieved the highest intrusion-
weighted AUC, followed by Pt/Pd, and both remained effective
when restricted to cumulates. This result suggests that PGE-
ratio indices may capture features of ore-forming systems that
are less sensitive to the distinction between liquid and cumulate
compositions [36, 38]. These results should be interpreted cau-
tiously, only a limited number of fertile intrusions contain the
PGE analyses required for calculating these ratios, resulting
in relatively broad confidence intervals. Additional PGE data
from both mineralized and barren intrusions will be required
to determine whether the observed ranking remains stable as
benchmark coverage expands.

Perhaps the most important outcome of this study is not
the leaderboard itself, but the identification of a major gap
in publicly available geochemical datasets. Despite decades
of research on magmatic sulfide systems, chilled-margin and
feeder-dike samples from known ore-bearing intrusions remain
underrepresented in open geochemical repositories. Many pub-
lished fertility indices cannot yet be subjected to a rigorous
large-scale test using the sample types for which they were
originally intended. The current benchmark therefore pro-
vides a stronger evaluation of fertility indices in cumulate-rich
datasets than in parental magma compositions. The benchmark
also highlights opportunities for community-driven improve-
ment. The most valuable contribution would be the addition
of whole-rock analyses from chilled margins, feeder dikes,
and sulfide-poor marginal lithologies of well-characterized
mineralized intrusions. Such samples are critical for testing
hypotheses related to magma fertility, sulfide saturation, and
metal depletion. A second priority is improving the quality of
barren intrusion labels through the documentation of explored
but demonstrably unmineralized systems. Improved charac-
terization of negative examples would reduce uncertainty in
benchmark classifications and strengthen future comparisons
among competing fertility metrics.

Because the benchmark framework separates data, labels,
and scoring procedures, these improvements can be incorpo-
rated without modifying the underlying evaluation methodol-
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ogy. As additional geochemical analyses and deposit informa-
tion become available, the benchmark can be expanded and
updated while preserving direct comparability with previous
results. In this sense, the present study should be viewed as a
first iteration of an evolving community resource for evaluating
geochemical indicators of magmatic Ni-Cu-PGE fertility.

5. LIMITATIONS

The benchmark has several important limitations. Intrusion
labels rely partly on a curated literature compilation, and many
barren classifications indicate only that no Ni-Cu-PGE de-
posit is currently recorded rather than demonstrating that an
intrusion is truly unmineralized. Approximately half of the
mafic-ultramafic samples identified in GEOROC could not
be confidently assigned to a named intrusion and were there-
fore excluded from benchmarking. Sample-type classifications
are based on transparent rule-based criteria and have not yet
been systematically validated against expert interpretations.
The benchmark also inherits variable data quality, metadata
completeness, and reporting standards from the underlying
GEOROC sources, and a small number of records required unit
or value corrections during quality control. ROC AUC evalu-
ates the relative ranking ability of an index but does not define
practical exploration cutoffs or directly measure exploration
success. The benchmark should be viewed as a comparative
framework for evaluating fertility indices rather than a predic-
tor of undiscovered mineral resources.

USE OF AI TOOLS

The authors used an artificial intelligence assistant to assist
with the development of data-processing and analysis pipeline
code. The authors made all methodological and analytical
decisions, curated and reviewed intrusion labels and sample-
type classifications, verified data corrections against original
sources, interpreted the results, and wrote and revised the
manuscript. The authors take full responsibility for the accu-
racy, interpretation, and content of the work.
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Table A1l. Data sources.

APPENDIX A. BENCHMARK CONSTRUCTION TABLES

Source Producer Version Records used License Identifier
GEOROC precompiled DIGIS Team, September 2026 521,961 unique = CC BY-SA doi:10.25625/1KRR1P
compilations (10 tectonic-setting ~ GRO.data (v13.0) analyses 4.0 and 9 others
compilations) [24] (whole-rock

geochemistry)
GEOROC Compilation: Rock DIGIS Team, September 2026 Completeness CCBY-SA doi:10.25625/2JETOA
Types (mafic-ultramafic files) GRO.data (v15.0) cross-check: 4.0
[24] 31,222 plutonic

analyses; 160

absent from the

union
Critical Mineral Deposits of the USGS ver. 3.0, 37 Ni-Cu-PGE/ CCO doi:10.5066/P9K1HBNT
United States [25] September 2026 PGE deposits

(US deposit

locations)
Magmatic Ni-Cu-PGE inventory  USGS 2026 Host intrusions ~ CCO doi:10.5066/P1YLGLUZ
[26] and resources

(US); intrusion

names matched
Mineral Resources Data System  USGS Full CSV export 665 magmatic Public https://mrdata.usg
(MRDS) [27] Ni or PGE domain s.gov/mrds/

records (global

deposit and

occurrence

locations)

Table A2. Sample selection, from GEOROC rows to the benchmark.

Stage

Table A3. Intrusion labels by confidence level.

GEOROC rows read (10 compilations)
Unique analyses in the union
Plutonic rows

Plutonic with a mafic-ultramafic rock name (unique)
— mantle xenoliths / kimberlite-hosted

— ophiolite / abyssal mantle

— alkaline-carbonatite complexes

— orogenic mantle massifs

— samples named as ore

— no intrusion name in GEOROC
Samples assigned to a named intrusion
Intrusions (any size)
Intrusions with > 5 samples

— excluded by the authors (groups, ophiolites, generic names)

Benchmark intrusions
Benchmark samples

Count Label Confidence Intrusions Samples
534,610 FERTILE HIGH 31 2,946
ﬁ;?g; FERTILE MEDIUM 3 101

31886 WEAK HIGH 17 1,479

91 WEAK MEDIUM 2 35

9 BARREN HIGH 15 1,110

411 BARREN MEDIUM 79 3,435

50? BARREN LOW 367 3,919

16,395 Total 514 13,025
14,389
965
536
22
514
13,025

Table A4. Sample types by label: number of samples (share of the label’s samples; number of intrusions with at least one sample of that type).

Label Cumulate Unresolved Fine-grained dike/sill Altered Chilled margin ~ Total samples
FERTILE 1,976 (65%; 27 intr.) 795 (26%; 25 intr.) 47 (2%; 10 intr.) 221 (7%; 21 intr.) 8 (0%; 1 intr.) 3,047
WEAK 398 (26%; 15 intr.) 777 (51%; 18 intr.) 180 (12%; 5 intr.) 107 (7%; 10 intr.) 52 (3%; 3 intr.) 1,514
BARREN 1,776 (21%; 187 intr.) 3,870 (46%; 316 intr.) 2,185 (26%; 125 intr.) 526 (6%; 112 intr.) 107 (1%; 12 intr.) 8,464
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Table AS. Index definitions. Each score is oriented so that a higher value means “predicted fertile”. Asterisks mark exploratory indices whose

direction was set by the authors before scoring. PM: primitive mantle [28].

Index Family Score Hypothesis tested Reference
Cu/Pd Chalcophile ratio logy(Cu/Pd) High Cu/Pd (above mantle) = PGE stripped by [6,11]
earlier sulfide = fertile
|Alog(Cu/Pd)|* Chalcophile ratio |log;y(Cu/Pd) —log;((Cu/Pd)pm|  Any departure of Cu/Pd from mantle (high = this study;
(exploratory) depleted, low = sulfide-enriched) = sulfide [28]
involvement
Pd/Ir Chalcophile ratio log(Pd/Ir) High Pd/Ir = fractionated, sulfide-associated PGE [5]
signature = fertile
Pt/Pd* Chalcophile ratio —log;o(Pt/Pd) Low Pt/Pd = Pd-rich, sulfide-associated PGE = this study
(exploratory) fertile
Cu/Zr Chalcophile ratio —log(Cu/Zr) Low Cu/Zr = Cu depleted relative to an [8]
incompatible element = sulfide removed = fertile
Ni/Cu* Chalcophile ratio —log;o(Ni/Cu) Low Ni/Cu = Cu-rich, sulfide-fractionated this study
(exploratory) signature
Ni depletion (vs Ni depletion —(log,o Ni— quadratic fit of Ni below the olivine-controlled Ni-MgO trend = [3,10]
MgO) log;o,Ni on MgO, 5-50 wt%) Ni lost to sulfide = fertile
Th/Nb Crustal contamination log;o(Th/Nb) High Th/Nb = crustal contamination, a common [9, 12]
trigger of sulfide saturation = fertile
La/Sm Crustal contamination log;o(La/Sm) High La/Sm = LREE enrichment from crustal [8]
contamination = fertile
Zr/Y* Crustal contamination logo(Zr/Y) High Zr/Y = enriched or contaminated source this study
(exploratory)
S Sulfur logo(S) High whole-rock S = sulfide present = fertile [3]
S/Se Sulfur log;((S/Se) S/Se above mantle range = external crustal S added  [7]

= fertile

Table A6. Robustness of the intrusion-weighted AUC. “~”: not enough intrusions in the subset.

Index AUC,, AUC on AUC,,, LOW-conf. AUC,,, test split
(all) intrusion medians  barren removed  (30% of intrusions)
Pd/Ir 0.75 0.80 0.71 -
Pt/Pd* 0.71 0.75 0.69 -
S/Se 0.60 0.57 - -
S 0.60 0.63 0.60 0.66
Th/Nb 0.56 0.57 0.60 0.72
|Alog(Cu/Pd)|* 0.55 0.55 0.53 -
La/Sm 0.51 0.52 0.54 0.60
Zr/Y* 0.49 0.47 0.49 0.57
Cu/Pd 0.37 0.30 0.34 -
Ni/Cu* 0.37 0.32 0.35 0.36
Ni depletion (vs MgO) 0.34 0.29 0.37 0.43
Cu/Zr 0.31 0.26 0.33 0.31
Table A7. Data corrections applied before scoring.
Correction Rule Samples  Note
PGE unit correction GEOROOC references 23290 and 24352: Pt, Pd, Ir, Ru, Rh, Os 19 Checked by the authors against the
divided by 1,000 (ppb entered as ppm) original papers
MgO guard MgO < 0.5 wt% blanked in non-anorthosite rocks 69  Remaining low-MgO samples confirmed
as anorthosites by the authors
Ore filter Samples whose rock name says ore or massive sulfide removed 1
Duplicate analyses Same UNIQUE_ID in more than one GEOROC compilation 14 Kept once
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APPENDIX B. TABLE S1: FERTILE AND WEAKLY MINERALIZED INTRUSIONS

Table S1. The 53 intrusions labeled FERTILE (F) or WEAK (W), with the deposit or occurrence and the published source supporting the label.
n: benchmark samples. The 461 BARREN intrusions are listed in Table S2 (Supplementary file S1 and Zenodo record).

Intrusion Label n  Deposit / occurrence Deposit type Reference
Baixintan F 26  Baixintan Ni-Cu Deposit Ni-Cu [39]
Bushveld F 1,441 Merensky Reef, UG2, Platreef PGE-Ni-Cu PGE reef; Ni-Cu-PGE [40]
(Platreef)
Coldwell F 204 Marathon Cu-PGE Deposit Cu-PGE [41]
Dovyren F 104 Yoko-Dovyren Deposit Ni-Cu-PGE [42]
Duluth F 46 NorthMet, Maturi, Mesaba, Serpentine Cu-Ni-PGE [26, 43]
Dumont F 46 Dumont Nickel Deposit Nickel [44]
Expo F 52 Expo Deposit Ni-Cu-PGE [45]
Great Dyke F 10 Main Sulfide Zone Pt-Pd-Ni-Cu [46]
Haines F 21 Shebandowan Ni-Cu-PGE mine (MRDS producer Ni-Cu-PGE [47]
within 10 km)
Huangshandong F 5 Huangshandong Deposit Ni-Cu [33]
Hulu F 27 Hulu Ni-Cu Deposit Ni-Cu [48]
Jinchuan F 14 Jinchuan Deposit Ni-Cu-PGE [49]
Kammikivi F 20 Kammikivi Prospect Ni-Cu-PGE [50, 51]
Katiniq F 11 Raglan-Katinniq Deposit Ni-Cu [52]
Kevitsa F 31 Kevitsa Deposit Ni-Cu-PGE [53]
Koillismaa F 70 Koillismaa Reef PGE [54]
Kongsberg F 71 Ertelien Ni-Cu mine (MRDS producer within 10 km) Ni-Cu [55]
Lamboo Panton F 5 Panton Deposit PGE-Ni [56]
Langmuri F 25 Langmuri Ni-Cu Deposit Ni-Cu [57]
Limahe F 19 Limahe Ni-Cu Deposit Ni-Cu [58]
Luanga F 18 Luanga PGE-Ni Deposit PGE-Ni [59]
Mayville F 53 Mayville Deposit Ni-Cu [60]
Modum F 9 Ertelien Ni-Cu mine (MRDS producer within 10 km) Ni-Cu [55]
Monchegorsk F 85 Monchepluton Ni-Cu (Nittis-Kumuzhya-Travyanaya)  Ni-Cu-PGE [61]
Norilsk F 18 Norilsk-Talnakh Deposit Ni-Cu-PGE [62]
Nova Sirius F 7 Nova-Bollinger Deposit Ni-Cu-Co [63]
Ntaka F 27 Ntaka Hill Deposit Nickel [64]
Panskie Tundry F 9 Fedorova-Pana Deposit PGE [65]
Pilgujarvi F 70 Pechenga-Pilgujarvi Deposit Ni-Cu [50]
Pobei F 69 Pobei Ni-Cu Deposit Ni-Cu [66]
Poyi F 34 Poyi Ni-Cu Deposit Ni-Cu [67]
Stillwater F 297 J-M Reef PGE; basal Ni-Cu PGE reef [26, 68]
Wellgreen F 15 Wellgreen (Nickel Shaw) Deposit Ni-Cu-PGE [69]
Xiarihamu F 88 Xiarihamu Ni-Cu Deposit Ni-Cu [70]
Abu Hamamid W 12 Abu Hamamid Ni-Cu Occurrence Ni-Cu [71]
Agnew w 37 PGE-Cu-Ni occurrences (River Valley / Agnew PGE-Cu-Ni [72]
intrusion)
Caraiba W 56 Caraiba Cu Deposit Cu [73]
Khudolaz W 117 Khudolaz Deposit Ni-Cu-PGE [74]
Kivakka W 102 Kivakka PGE Prospect PGE [75]
Koitelainen W 20 Koitelainen Reef PGE [76]
Monchetundra W 19 Monchetundra Deposit PGE [77]
Muskox W 366 Muskox Cu-Ni-PGE Occurrences Ni-Cu-PGE [78]
Narankavaara w 196 Narankavaara PGE Prospect PGE [79]
Narndee W 15 Narndee Ni-Cu-PGE Deposit Ni-Cu-PGE [27]
Nizhny Tagil w 11 Nizhny Tagil Fe-Ti-V Deposit Fe-Ti-V [80]
Penikat w 65 Penikat Reef PGE [81]
Skaergaard w 318 Platinova Reef Au-PGE [82]
South Pyasino W 42 Norilsk District Mineralization Ni-Cu-PGE [83]
Tampanchi w 20 Tampanchi Ni-Cu Occurrence Ni-Cu [84]
Tuerkubantao \%% 15 Tuerkubantao Deposit Ni-Cu [85]
Vologochan W 36 Norilsk District Mineralization Ni-Cu-PGE [83]
Xinjie w 39 Xinjie Deposit Ni-Cu-PGE [86]
Zub Marksheider w 28 Norilsk District Mineralization Ni-Cu-PGE [2]
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