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Abstract Whereas the ability to acquire petrochronological data from detrital minerals has exploded,
development of tools to analyze and interpret the multivariate data sets has not kept pace. Herein, we present a
case study, which applies the recently developed non‐negative Tucker‐1 decomposition (NNT1) method to a
multivariate detrital zircon data set from till samples collected above the Cu‐bearing Guichon Creek Batholith in
southern British Columbia, Canada. Zircon composition variables that we consider include age, Ce anomaly,
CeN/NdN, DyN/YbN, ΔFMQ, Eu anomaly, ΣHREE/ΣMREE, Hf, Th/U, Ti temperature, and YbN/GdN. The
NNT1 approach successfully deconvolves the multivariate data set into two endmembers, which are consistent
with derivation either from non‐oxidized and relatively anhydrous (i.e., low Cu‐ore potential, Source 1) or
oxidized and hydrous (i.e., potential Cu‐ore bodies, Source 2) igneous rocks. Furthermore, we attribute each of
the zircon grains to either the Source 1 or 2 endmember based on maximization of the likelihood that their
measured multivariate geochemistry was drawn from one or the other of the learned multivariate endmembers.
Finally, we demonstrate that the proportions of the Source 2 endmember decrease with increasing distance from
the ore bodies, as expected due to down‐ice or off‐axis zircon mixing and dilution. We conclude that the NNT1
approach provides insight into geologically meaningful sediment transport processes and multivariate sediment
sources even when those sources are unknown. It thus provides a basis for future petrochronological
interpretations with applied and pure geoscience applications.

Plain Language Summary Fewmultivariate mathematical approaches exist to analyze the wealth of
multivariate sediment provenance data being produced. Moreover, the results of mathematical models need to
be correlated to geological reality before drawing geological conclusions. In this contribution, we test a recently
developed multivariate “non‐negative Tucker‐1 decomposition” (NNT1) method by analyzing zircons from
glacial sediments surrounding a known ore body. In this setting, we hypothesize that zircons should have
geochemical characteristics either of the ore bodies or the non‐ore bearing host rocks and that the abundance of
zircons from the ore bodies should decrease with distance from the ore bodies. The results of data analysis using
the NNT1 method support this hypothesis. Specifically, the NNT1 method suggests that there are two clearly
distinguishable sources. The mathematical models of those sources' geochemical characteristics are consistent
with derivation from either mineralized or non‐mineralized igneous rocks. Furthermore, the modeled
proportions of the modeled ore‐body source decrease with increasing sample distance from the ore bodies. We
conclude that the NNT1 method and the mathematical models which it produces correspond to geologically
meaningful lithologies (i.e., real sediment sources) and geologically significant processes (i.e., down‐ice
sediment mixture and dilution).

1. Introduction
Petrochronology seeks to link chronology with specific rock‐forming processes or conditions (Kohn et al., 2017).
It is by its nature multidisciplinary and deals with multivariate data sets. Multiple approaches to petrochronology
have been proposed, including many that focus on zircon and its trace and rare earth element (TREE) concen-
trations (Schaltegger and Davies, 2017). Multiple trace elements have been used to identify petrogenetic char-
acteristics of source magmas, including crystallization temperature from Ti (Watson et al., 2006), metamorphic or
igneous conditions (Hoskin & Schaltegger, 2003; Rubatto, 2002), crustal thickness from Eu anomaly or Sr/Y
(Chapman et al., 2015; Sundell et al., 2022; Tang et al., 2020), or parent rock type from a suite of 26 trace elements
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(Belousova et al., 2002; Sundell et al., 2022). Trace element analysis of zircon also yields petrogenetic infor-
mation about zircon source magmas and may therefore be useful for tracking crustal evolution or identifying ore‐
bearing lithologies (Dilles et al., 2015; Lee et al., 2017, Lee, Byrne, et al., 2021; Lu et al., 2016).

The multiple geochemical systems in zircon can also be exploited to identify and characterize sediment sources
(Campbell et al., 2020; Smith, Saylor, Lapen, Hatfield, & Sundell, 2023). For example, due to the low diffusion of
trace elements, U, Hf, and Th in zircon (Cherniak et al., 1997a, Cherniak et al., 1997b), as well as zircon's physical
and chemical resilience, trace elements can be used as independent fingerprints of sediment provenance.
Moreover, multiple studies have recognized that non‐unique detrital zircon U‐Pb age spectra present a challenge
to identifying sediment sources or source proportions (Dickinson et al., 2009; Sundell et al., 2019). Some studies
have introduced secondary parameters, including thermochronology, secondary isotopic analyses, or TREE
analysis, to discriminate between otherwise similar sources (Campbell et al., 2005; Gehrels & Pecha, 2014;
Saylor and Sundell, 2021; Smith, Saylor, Lapen, Hatfield, & Sundell, 2023).

However, the ability to acquire these multivariate data sets has outstripped development of tools to fully exploit
and quantitatively compare or model multivariate zircon geochronology/geochemistry data sets. For example,
forward (Monte Carlo) mixture modeling and bivariate non‐negative matrix factorization methods have only
recently been developed (Saylor and Sundell, 2021; Sundell and Saylor, 2017). While useful for conducting
mixture modeling experiments or determining likely source area distributions of uni‐ or bivariate data sets, these
applications cannot parse the complex interrelationships among TREE in order to fully exploit the multivariate
nature of these data sets for sediment provenance, crustal evolution, or economic geology applications. Other
multivariate approaches such as 3‐way multidimensional scaling (MDS) or Generalized Procrustes Analysis
(GPA) compare the relative similarity between empirical multivariate data sets but do not identify potential
sediment source characteristics or mixing proportions (Vermeesch et al., 2023; Vermeesch and Garzanti, 2015).
As part of their statistical validation of a recently developed non‐negative Tucker‐1 tensor decomposition (NNT1)
method, Graham et al. (2025) successfully recovered known endmember distributions and proportions of a
numerically generated varietal data set. However, the correlation between the calculated distributions or pro-
portions and geological entities or processes has not been explored as it has been for other numerical methods
such as forward mixing models or non‐negative matrix factorization (e.g., Capaldi et al., 2017; Jackson &
Horton, 2025; Saylor et al., 2013, 2019).

In this contribution, we use the recently developed, truly multivariate NNT1 method to analyze a suite of zircons
from till samples within 15 km of ore‐forming intrusions and porphyry Cu deposits in the Guichon Creek
Batholith (GCB) in British Columbia (Figure 1) to test whether the method provides geologically meaningful
endmember characterization and proportions. Our purpose is to test the suitability of the NNT1 method to
determine sediment provenance and characterize mixing in sedimentary systems. Therefore, we limit our dis-
cussion of the NNT1 method to a conceptual overview and discussion of potential limitations (see Methods
section below). For a full articulation and sensitivity testing of the NNT1 method, we refer readers to the original
work by Graham et al. (2025).

We demonstrate that zircons from mixed samples (i.e., till) can be separated into endmembers which either
include or exclude multiple geochemical features associated with porphyry Cu mineralization. We also
demonstrate that the proportion of zircons derived from ore bodies decreases with distance down‐ice or off‐axis
from the Cu deposits. Finally, we successfully invert the geochemical features to identify which grains are derived
from the two groups. All of these point to the success of this tool at characterizing the rock‐forming processes and
conditions, even from detritus that has been eroded from its original location. It also points to the potential to use
this tool for Cu porphyry exploration, particularly of Cu porphyry deposits which have been covered by sub-
sequent alluvium.

2. Geological Setting
The GCB is a Late Triassic intrusion that consists of at least five concentrically zoned mafic‐felsic intrusive
phases. It intruded over ∼11Myr (218–207Ma, D’Angelo et al., 2017; Lee, Byrne, et al., 2021) into Late Triassic
basaltic to andesitic volcanic and volcaniclastic rocks of the Nicola Group, an island‐arc assemblage that makes
up the southern part of the Quesnel Terrane. Deposition of the Nicola Group (238–202 Ma) both precedes and
post‐dates intrusion of the GCB. The intrusive rocks become younger and more evolved from the margins to the
core. The first intrusion in the region is the 217 Ma Gump Lake stock, and rocks in the core of the batholith are as
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young as 207 Ma (D’Angelo et al., 2017; Lee, Byrne, et al., 2021). There are multiple Cu‐Mo mineralization
centers in the core (Figure 1). Mineralization in the main centers is dated at 208.4 ± 0.9 Ma (Re‐Os, D’Angelo
et al., 2017).

The Guichon Creek region was covered by the Cordilleran ice sheet during the most recent glaciation between 28
and 11.5 ka. The Cordilleran ice sheet was formed by coalescence of alpine glaciers, which originated in regions
such as the Coast and Canadian Rocky mountains (Clague &Ward, 2011). During the Last Glacial (Wisconsinan)
Maximum (LGM), coalesced ice sheets flowing radially from ice domes in central British Colombia extended
southward to just south of the 49th parallel (Arnold et al., 2016; Arnold & Ferbey, 2020; Clague & Ward, 2011;
Ferbey & Arnold, 2013). Topography in the GCB region is characterized by rolling hills of the Interior Plateau
(e.g., Ferbey et al., 2016). During the LGM, the region was occupied by an ice sheet, rather than by alpine glaciers,
and so, ice flow was not controlled by local topography but rather by the location of the ice dome to the northwest
of the study location. As a result, the ice flow direction was south‐southwest (Figure 1). The direction of regional
ice flow is based on the orientation of streamlined landforms (flutings, drumlins, crag‐and‐tails) and striations
(Ferbey et al., 2016). Glaciation covered the region with <4–10 m of sub‐glacial till, which was targeted for
detrital zircon sampling (Lee, Plouffe et al., 2021; Plouffe et al., 2016).

Previous research using detrital mineral or chemical indicators of Cu mineralization focused on epidote and
chalcopyrite abundances, Cu concentration, and zircon geochemical indicators. In this region, Casselman
et al. (1995) found that epidote is present in a 20‐km wide regional halo around the mineralized zones. Beyond
that regional trend, there appears to be no correlation between the concentration of epidote and distance to the
mineralized zones (Plouffe et al., 2016). Chalcopyrite abundance and Cu concentration show inconsistent trends.
There is an increase in both chalcopyrite abundance and Cu concentration approaching the mineralized zones, but
there are counterexamples where there is an increase in both chalcopyrite and Cu concentration away from the

Figure 1. Simplified bedrock map of the Guichon Creek Batholith showing the location of samples relative to the ore deposits
and the ice flow direction. Inset denotes the location of study in southern British Columbia. Modified after McMillan
et al. (2009), Ferbey et al. (2016), D’Angelo et al. (2017), Lee, Byrne, et al. (2021), and Lee, Plouffe, et al. (2021).
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mineralization zones (Plouffe et al., 2016). Hence, in the case of chalcopyrite and Cu concentration, there appear
to be as many false as true positives. Lee, Plouffe et al. (2021) qualitatively characterized a decrease in Eu
anomaly in detrital zircon samples down‐ice of the ore bodies in the GCB, providing the motivation for further
quantifying the relationship.

3. Methods
3.1. Zircon Petrochronology

Twelve till samples were collected within the GCB at distances of 0.25–15 km down‐ice from mineralization
(Figure 1, Ferbey et al., 2016). Samples were collected at depths of 130–150 cm below the surface from well‐
compacted, massive, and generally fissile cobble‐boulder diamictic conglomerates with abundant striated
clasts in a clay‐rich, silty‐sand to sandy‐silt matrix (Figure 1; Ferbey et al., 2016). These deposits are interpreted
as a subglacial till facies. Following methods described by Plouffe et al. (2013), sampling targeted the matrix and
excluded clasts larger than fine pebbles. Zircons were separated from 9 to 15 kg till samples using standard
density and magnetic methods (Ferbey et al., 2016). Between 14 and 31 zircon grains per sample were mounted in
epoxy and analyzed by laser ablation‐inductively coupled plasma mass spectrometry at the Pacific Centre for
Isotopic and Geochemical Research at the University of British Columbia (Lee, Plouffe et al., 2021). Although
lower than standard sample size for detrital zircon samples, analysis was limited by the availability of zircons
from the samples. We address the potential impacts and caveats arising from the small sample size in the Dis-
cussion section. At least two spots were analyzed per grain and geochemical concentrations and ratios were
calculated using the methodology described in Lee, Plouffe et al. (2021), resulting in 20–60 analyses per sample.
We calculated the distance from the edge of the nearest ore body in both the down ice‐flow direction and also the
off‐axis direction orthogonal to the ice‐flow direction. Following analysis using the NNT1 algorithm, we compare
variables to those in either mineralized or non‐mineralized igneous bedrock using data reported by D’Angelo
et al. (2017) and Lee, Byrne, et al. (2021).

3.2. Geochemical Indicators of Copper‐Fertile Magmas

Cu mineralization is associated with evolved, oxidized, and hydrous magmas, often those which originate in thick
crust (Lee & Tang, 2020). We therefore use multiple geochemical systems to track these features and assess the
potential of endmember sources to mobilize Cu and precipitate Cu‐bearing minerals. In oxidized magmas that
form porphyry Cu deposits, zircons are characterized by Eu anomalies (Eu/EuN*) > ∼0.3–0.4 (Dilles et al., 2015;
Lee, Byrne, et al., 2021, Lee, Plouffe et al., 2021; Lu et al., 2016). This relationship is complicated by recent
research that suggests that zircon Eu/EuN* is also correlated to thicker crust (Tang et al., 2020) because thick crust
suppresses plagioclase crystallization and can yield the same signal. That Cu fertile zones in the GCB are
associated with high YbN/GdN (>15) (Bouzari et al., 2020) contrasts with observations that Cu‐bearing igneous
rocks are typically depleted in heavy REE (HREE) due to early growth of garnet in the magma chamber under
thick crust (Bissig et al., 2017; Loucks, 2014). The apparent disconnect between HREE/MREE ratios and Cu
mineralization may provide a method of discriminating Cu mineralization in thin versus thick crust. Highly
oxidized magmas should yield more Ce in its Ce4+ oxidized state which is compatible in zircon. Zircon from these
magmas should therefore have high Ce concentrations and therefore high CeN/NdN and Ce anomalies (Ballard
et al., 2002; Lu et al., 2016) as well as high ΔFMQ values (Loucks et al., 2020). However, follow‐up research has
questioned the efficacy of Ce anomaly and CeN/NdN for tracking Cu mineralization (Loader et al., 2022) and
highlighted overlap in ΔFMQ between mineralized and non‐mineralized plutons (Loucks et al., 2024).

Cu tends to precipitate from evolved magmas during late‐stage magmatism, and so, Cu‐fertile porphyries tend to
be associated with lower temperature magmas. We track magma temperature using the Ti‐in‐zircon geo-
thermometer of Watson et al. (2006) with an αTiO2 of 0.7 to allow for rutile understaturation. We track magma
evolution using zircon Th/U and [Hf], which are expected to decrease and increase, respectively, during early
fractional crystallization of apatite, hornblende and titanite. Thus, Cu fertile zones in the GCB tend to be asso-
ciated with low Th/U (<0.45) and high but not extreme [Hf] (8,750 < Hf < 11,720 ppm, Pizarro et al., 2020;
Carrasco‐Godoy et al., 2024).

Finally, Cu mobilization requires hydrous magmas, which also favor early crystallization of hornblende.
Hornblende crystallizes at an early stage in hydrous melts and preferentially scavenges Y and middle rare earth
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elements, resulting in high Hf/Y and low DyN/YbN in most ore bodies (Davidson et al., 2007; Lee, Byrne,
et al., 2021; Lu et al., 2016; Moore and Carmichael, 1998; Sisson, 1994).

In summary, a suite of 11 variables, including U‐Pb age, Ce anomaly, CeN/NdN, DyN/YbN, ΔFMQ, Eu anomaly,
ΣHREE/ΣMREE, Hf, Th/U, Ti temperature, and YbN/GdN from 12 detrital zircon samples from locations sur-
rounding the GCB (Figure 1, Table S1) were used to determine whether there is a consistent discrimination
between zircons from potentially Cu‐mobilizing versus Cu‐immobile sources.

3.3. Tucker‐1 Decomposition

We determine the most likely number of sedimentary sources (a.k.a., the optimum rank) as well as the distribution
of each of the 11 variables in each source using the NNT1 method (Graham et al., 2025). The method yields three
key insights into the data, the second and third of which cannot be obtained by any other method currently
available. First, it indicates the most likely number of sources from which the mixed samples were drawn by
calculating the optimum rank. Second, it yields the distribution of each of the variables in each source. Third, it
calculates the proportion of each source present in each mixed sample using two methods. All calculations were
conducted in DZgrainalyzer (http://dzgrainalyzer.eoas.ubc.ca/), a free web‐based application built on the code
described by Graham et al. (2025).

We describe the unsupervised NNT1 method below with reference to our data set of 11 variables from 12 detrital
samples using the steps below. First, the 11 variables were converted to kernel density estimates (KDEs)
following the methods outlined by Graham et al. (2025) (Figure 2a, Table S2). Construction of KDEs follows
standard procedures, whereby an optimum bandwidth was selected and uniformly applied for each variable from
all samples. Hence, for example, all [Hf] data are treated with a uniform bandwidth, but a different bandwidth is
used for all age data. Data points were converted to Gaussian curves using the data point as the mean and the
bandwidth as the standard deviation. Gaussian curves for each sample were normalized by summing individual
Gaussian curves and dividing the summed curve by the number of observations for that sample. Next, KDEs were
discretized over K points and compiled into a 3‐way tensor of empirical data, Y of size I × J × K, where I is the
number of sink samples (in this Case 12) and J is the number of variables (a.k.a., features, in this Case 11)
(Figure 3). Finally, the NNT1 algorithm approximates Y as

Y = A × B + E, (1)

where A is the proportions matrix (with size I ×R), B is the source tensor (with size R × J×K), R is the number of
sources considered (a.k.a., rank), and E is the misfit between model tensor Y (that is, A × B) and empirical tensor
Y. The algorithm improves the fit between Y and Y by alternatively holding A or B constant while modifying the
other via projected‐gradient step to minimize E.

The method described above is both robust and versatile. Testing using multiple KDE bandwidths indicates that
the selected rank, Air, and Brjk are not affected by bandwidth selection, the number of variables, or the number of
points over which the KDE is discretized (see figure 6 in Graham et al., 2025). Testing by Graham et al. (2025)
indicates that there is a mean residual error of only 9% between known and estimated KDEs and a mean absolute
error of only ∼5% between known and estimated proportions. Conversion to KDEs maximizes the versatility of
the method because it means that samples can be compared regardless of the number of analyses per sample and
that any variable that can be represented as a distribution can be included in the data set (Graham et al., 2025).

In order to estimate the optimum rank, we repeated the NNT1 decomposition for ranks 1–12 (i.e., between 1 and
12 sources) and calculated the misfit (E) between model tensors (Y) and the empirical data (Y) for each rank.
Conceptually, the optimum rank is that rank which accounts for the empirical data with the simplest model.
Practically, the optimum rank is selected at the “knee” in the misfit‐versus‐rank graph, where there is a marked
reduction in improvement in misfit with additional ranks. When evaluated using numerically generated samples,
the algorithm identified the correct rank (i.e.., the correct number of sources), even with as few as double the
number sinks as sources (Graham et al., 2025). Given our sample size of 12, this suggests that the algorithm
should be able to robustly discriminate the ideal rank for ranks between one and six.

We estimate the proportions of each endmember in the 12 detrital samples using two methods. The first method
takes the proportions directly from the proportions matrix (A above). The second method uses the ratio of
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Figure 2. (a) Empirical distributions of 11 variables from 12 samples used as input to the non‐negative Tucker‐1 decomposition (NNT1) algorithm. (b) Endmember
distributions for each of the 11 variables learned by the NNT1 algorithm. (c) Empirical distributions of variables in bedrock data from the Guichon Creek Batholith for
comparison to learned endmembers. Data for C are from D’Angelo et al. (2017) and Lee, Byrne, et al. (2021). Data presented in this figure are available in Tables S2
and S4.
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likelihoods method (Graham et al., 2025) to determine the most likely source for each zircon grain analyzed by
comparing that sample's 11 variables to the distributions of those variables estimated for each source. This
approach calculates the likelihood that every variable in each grain was drawn from the distributions associated
with either Source 1 or Source 2 and selects the maximum likelihood as the likely source. We compared these
grain labels to the mixing proportions of individual sample's KDEs in matrix Air. We also compared the grain
labeling to the results of an independent Classification and Regression Tree (CART) analysis designed to
characterize zircon grains as coming from either a Cu “fertile” or Cu “barren” source based on their geochemistry
(Carrasco‐Godoy et al., 2024). For the CART analysis, we used a subset of five variables, including Eu anomaly,
Th/U, Ce/Nd, Dy/Yb, and Gd/Yb, and applied the method using the online app developed by Carrasco‐Godoy
et al. (2024) and available at ccarr.shinyapps.io/Zircon_fertility_models/. For this combination of variables,
Carrasco‐Godoy et al. (2024) report a sensitivity, defined as the proportion of zircons indicating Cu fertility
correctly attributed to the “fertile zircon” class, of ∼70% and a specificity, defined as the proportion of zircons
indicating Cu infertility correctly attributed to the “barren zircon” class, of ∼90%. For comparison, testing by
Graham et al. (2025) using numerical data sets with either two or seven variables yield grain‐label accuracy of
76.1% and 88.5%. The trend of greater labeling accuracy with greater numbers of variables suggests that a data set
with even more variables, such as ours, should yield even greater grain‐label accuracy.

Figure 3. Conceptual presentation of (a) discretization of empirical kernel density estimates (KDEs) and (b) compilation into
one matrix per sample. (c) Matrices from each sample are assembled into a 3‐way tensor (Y), which is the basis for
decomposition into a proportions matrix (a) and source KDE 3‐way tensor (b). Modified from Graham et al. (2025).
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In order to highlight the difference between the NNT1 method used in this research and the primary alternative
multivariate sediment provenance analysis approach, we applied 3‐way Multidimensional Scaling (MDS, Carroll
& Chang, 1970) and GPA (Gower, 1975) to this data set using the Provenance software package (Vermeesch
et al., 2023; Vermeesch and Garzanti, 2015). These approaches break the data set into 11 distributional data sets,
each with 12 samples. The KS‐statistic is calculated to enable intercomparison of the 11 distributional data sets,
and applies GPA to the resulting 3‐way tensor of dissimilarity values.

4. Results
Converting the 11 variables for the 12 samples to KDEs yields the distributions in Figure 2a. Based on a decrease
in the slope of the misfit with respect to rank, the algorithm identified rank 2 as the optimum rank, which accounts
for the input variables while maintaining the simplest model (Figure 4a, Table S3). Decomposition of the data set
into two sources (i.e., rank 2), yielded the distributions in Figure 2b, and the proportions in Figure 5 (Tables S4
and S5). For eight of the 11 variables, the endmember KDEs consistently discriminate between a source in which
Cu is likely immobile (Source 1) and a potentially Cu‐mobilizing source (Source 2) (Figure 2b, Table S4). For
example, Source 2 is associated with low age, low DyN/YbN, high Eu anomaly, high ΣHREE/ΣMREE, inter-
mediate Hf, low Th/U, low Ti temperature, and high Yb/Gd (Figure 2b). ΔFMQ shows limited discrimination
with the Cu‐mobilizing Source 2 having only a slightly higher modal ΔFMQ. Although Ce anomaly and Ce/Nd
do not discriminate between Cu‐mobilizing and Cu‐immobile sources, they are not inconsistent with the results
from the other variables.

The proportions of Source 2 based on the NNT1 method are directly proportional (though slightly greater than)
the proportions of Source 2 based on the grain labeling (Figure 6b, Tables S5 and S6). Nevertheless, both methods
show the same down‐ice stream decrease in the proportions of Source 2 (Figure 5, Table S5). Finally, there is
∼80% overlap between the source attributions based on the CART analysis and the grain‐source identification
based on the NNT1 method (Figure 6c, Table S6).

The results of GPA are broadly similar to the distribution of the proportion of Source 2 identified by the NNT1
approach (Figure 7, Table S7). However, GPA does not identify the characteristics of the endmembers, and so, the
GPA plot reveals less about the samples or their possible sources than the proportions of the Source 2 plot does.

3‐way MDS produces two sets of coordinates: one set for the Group Configuration which situates the samples in
Cartesian space and another set of coordinates for the Source Weights which is based on the degree to which

Figure 4. (a) Misfit between modeled tensor (a) × (b) and the true tensor (Y), calculated as E in Equation 1 for ranks between
1 and 12. (b) Standard curvature of Misfit versus Rank curve. The optimum rank is identified as a “knee” in (a), which
corresponds to a maximum in (b). Data presented in this figure are available in Table S3.
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Figure 5. Proportions of Source 2 relative to the distance between the sampling location and the closest ore body from either the Tucker‐1 decomposition method or
based on attribution of each grain to either Source 1 or Source 2. Panel A shows the total distance calculated as down‐ice + off‐axis distance for all samples. Panel B
shows only the down‐ice distance for all samples. Panel C shows only the off‐axis distance for all samples. Panel D shows the down‐ice distance for samples with
≤0.5 km off‐axis distance. Data presented in this figure are available in Table S5.
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Figure 6. (a) Categorization of each input zircon grain based on maximization of the likelihood that the measured multivariate data originate from one of the learned
multivariate source distributions (Figure 2B). Grains are colored by the log ratio between the most likely source and the second most likely source. A log ratio value of 1
indicates that it is 10 times more likely that the grain was drawn from the assigned source than the alternative and a value near 0 indicates that either source is roughly
equally likely. (b) Source 2 proportions based on the tensor decomposition (matrix Air in Equation 1) or the grain‐source assignment yield comparable results.
(c) Comparison between grain‐source assignment based on the Tucker‐1 method to an ore‐exploration specific Classification and Regression Tree analysis indicates
∼80% overlap in source attribution. Data are available in Tables S5 and 6.
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specific variables impact the group configuration. For example, variables Ce/Nd, ΔFMQ, and Ce anomaly are
heavily weighted in the Y direction (Figure 8b), suggesting that they primarily control the samples' locations in the
Y direction in the Group Configuration plot (Figure 8a). In contrast, variables Dy/Yb, Yb/Gd, and ΣHREE/
ΣMREE are heavily weighted in the X direction, suggesting that they have strong discriminatory power in the X
direction in the Group Configuration panel.

5. Discussion
The results above confirm that endmember characteristics in tensor Brjk are geologically meaningful. Eight of 11
of the endmember distributions are consistent with Source 2, representing derivation from hydrous, evolved, and
oxidized magmas in which Cu might be mobile (Figure 2b). For the other three variables, the endmember KDEs
broadly overlap, consistent with previous research suggesting that they are of limited value in discriminating Cu‐
mobilizing magma bodies (Figure 2b). Notably, the estimated KDEs closely match empirical KDEs of data from
zircons from mineralized and non‐mineralized bedrock reported by D’Angelo et al. (2017) and Lee, Byrne,
et al. (2021) (c.f., Figures 2b and 2c). The KDEs for each of the seven variables that yield clear discrimination
between Source 1 and Source 2 are matched by empirical observation from either mineralized or non‐mineralized
local bedrock (Figures 2b and 2c). On the other hand, the two variables whose endmember KDEs do not
discriminate between are also matched by empirical observations that those variables do not reliably separate
mineralized versus non‐mineralized bedrock (c.f. Ce anomaly and Ce/Nd in Figures 2b and 2c).

The proportion of Source 2 is inversely proportional to down‐ice and off‐axis distance from the ore bodies, as
expected if Source 2 is in fact related to GCB Cu‐fertile ore bodies (Figure 5). The down‐ice decrease in Source 2
is observed when considering only the down‐ice distance (i.e., excluding the off‐axis distance) for all samples
(Figure 5b) and also when considering only those samples with an off‐axis distance ≤0.5 km (Figure 5d). As
expected, the decrease in proportions of Source 2 is also inversely proportional to the off‐axis distance from the
nearest ore body (Figure 5c). The decrease in Source 2 is consistent with down‐ice or off‐axis sediment dilution
(Clark, 1987; Iverson et al., 1996; Schaetzl et al., 2020) as observed, for example, in the down‐ice decrease in 10Be
concentrations in Alaskan glaciers (Matmon et al., 2020). The off‐axis spatial trend of the proportion of Source 2
is more pronounced than the down‐ice trend, with gradients of − 0.098 to − 0.15 km− 1 versus − 0.018 to
− 0.025 km− 1, respectively (c.f., Figures 5c and 5d). The off‐axis trend also has a larger correlation with the
proportion of Source 2 than the down‐ice trend, with R2 values of 0.7–0.8 versus 0.12–0.5, respectively (c.f.,
Figures 5c and 5d). These trends are consistent with sediment transport largely along, rather than orthogonal to,
the ice‐flow direction. Down‐ice changes in the concentration of sediment sources are typically attributed to a
combination of mechanical comminution and dilution by deposition of bed load and erosion of bedrock during
down‐ice transport (Clark, 1987). Because zircon grains are not subject to significant comminution, we attribute
the decrease in the proportion of Source 2 to dilution via deposition and erosion. The consistency between the
numerical results and empirical observations of down‐ice mixing and dilution during glacial sediment transport
confirms that the relative proportions in matrix Air are geologically meaningful. The proportions of Source 2
based on the NNT1 method are directly proportional (though slightly greater than) the proportions of Source 2
based on the grain identification (Figure 6b). Nevertheless, both methods show the same down‐ice and off‐axis
decrease in the proportions of Source 2 (Figure 5).

In addition to yielding geologically reasonable results, the NNT1 method yields results that are consistent with
independent, application‐specific methods (Figure 6c). Specifically, there is close correlation between the grains
attributed to Cu‐immobile (Source 1) verses Cu‐mobilizing (Source 2) compared to their attribution based on the
ore exploration‐specific CART application. The correlation is remarkable given the CART sensitivity of ∼70%
and specificity of ∼90% and the 76%–89% accuracy of the grain‐labeling method (Carrasco‐Godoy et al., 2024;
Graham et al., 2025). This relationship suggests that even though the NNT1 method is broadly applicable to
varietal data treated “as columns” (Method 2 of Vermeesch et al., 2023) it's performance is comparable to
application‐specific methods.

These results are also broadly consistent with a 3‐way MDS and GPA treatment of the data but provide additional
insight into the geochemical composition of likely endmembers. Whereas 3‐way MDS, GPA, and the NNT1
method broadly separate samples by the proportion of Source 2 present in the samples (compare Figures 7a, 8b,
and 8a), the NNT1 method also provides insights into the potential sources of the mixed sink samples being
investigated. The 3‐way MDS analysis reveals more about the data set than the GPA, consistent with the

Journal of Geophysical Research: Earth Surface 10.1029/2025JF008406

SAYLOR ET AL. 11 of 16

 21699011, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JF008406, W

iley O
nline L

ibrary on [09/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



conclusions of Vermeesch et al. (2023). The Group Configuration (Figure 8a) indicates that the data set is more
heavily discriminated along the X direction and therefore the Y direction has limited discriminatory power. This is
consistent with the observed broad overlap in the distributions of variables that are heavily weighted in the Y
direction in the Source Weights figure (Figure 8b), including Ce/Nd Ce/Ce* and ΔFMQ, between Source 1 and
Source 2 identified by the NNT1 method (Figure 2b). On the other hand, the greater discrimination along the X
direction is consistent with the broad separation between the distributions of Yb/Gd, Dy/Yb, ΣHREE/ΣMREE in
Source 1 and Source 2 as determined by the NNT1 method. However, despite the greater interpretive power of
3‐way MDS over GPA, it still does not yield insight into the distribution of the variables in the potential sediment
sources nor does it provide quantitative mixing proportions of those potential sources into the sink samples.
Furthermore, it does not assign grains to individual sources as the maximum likelihood approach does (Figure 5a).
Both GPA and 3‐way MDS are useful for comparison of complex, empirical, multivariate, and detrital prove-
nance data sets, but neither of them provides a basis for petrochronological characterization of potential sediment
sources or quantitative mixture modeling of detrital compositions. They are therefore complementary but not
directly comparable to the NNT1 method due to their different goals and methods.

Although the data set is limited to only 14–31 (median = 22) grains per sample, it benefits from the multivariate
nature of the data set, from multiple analyses per grain, and from a constrained geological setting where the
endmembers are clearly delineated. Inclusion of 11 variables per sample effectively enlarges the data set to
154–341 (median = 242) analyses per sample, which approaches the n = 300 recommendation for quantitative
detrital zircon analysis (Saylor and Sundell, 2016). Inclusion of multiple analyses per grain yields confidence that
the KDEs reflect the underlying distribution and minimizes the chance of any specific analysis skewing the KDE.
Finally, the primary reason to use this data set despite its small size is that it comes from a well‐characterized,

Figure 7. A similar distribution is obtained by comparison Generalized Procrustes Analysis (GPA) and the proportions of
Source 2. (a) A plot of the proportions of Source 2 identified by Tucker‐1 decomposition by sample number. (b) Generalize
Procrustes Analysis applied to the data set of 11 variables for the 12 till detrital zircon samples. The data set was broken into
11 distributional data sets, each with 12 samples following Method 2 of Vermeesch et al. (2023) and subject to GPA
following methods outlined by Vermeesch and Garzanti (2015). Data in this figure are available in Tables S5 and S7.
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constrained geological setting with distinct endmember compositions. Despite these mitigating factors, the
success of the NNT1 method remains tentative pending further confirmation with a larger data set. Nevertheless,
this preliminary success lends confidence that use with larger data sets is also likely to be successful.

We conclude that the NNT1 method based on multiple measured variables from detrital zircon grains, along with
the grain‐source attribution based on maximum likelihood, are sound approaches to determining sedimentary
provenance in complex settings. This conclusion opens up a number of potential applications and future di-
rections. Most directly, this approach has applications to applied sedimentology with direct economic implica-
tions in exploring for Cu and potentially other ore bodies. We suggest that analysis of modern rivers or ancient
sedimentary strata should enable identification of Cu‐mobility indicators in the detrital zircon fraction. This can
be traced upstream in modern rivers or mapped for ancient strata (Smith, Saylor, Lapen, Leary, & Sundell, 2023)
to determine the locus of fluid‐rich, oxidized intrusive bodies which may be Cu‐fertile. However, the ability to
correlate zircon geochemistry to specific lithologies (Belousova et al., 2002; Sundell et al., 2022) or to tectonic
settings (Sundell et al., 2024) suggests that the multi‐variate approach described herein will be a boon to prov-
enance studies and tectonic reconstruction.

6. Conclusions
Application of non‐negative Tucker‐1 tensor decomposition (NNT1) opens the door to sediment source char-
acterization and petrochronology of multivariate detrital zircon data sets. We demonstrate the ability of this novel
method to yield geologically consistent and comprehensible results by tracking down‐ice stream movement of
zircons from ore‐bearing (fertile) and non‐ore‐bearing (infertile) igneous rocks of the GCB in southern British
Columbia. NNT1 of a multivariate geochemical data set from detrital zircons from till samples yields two
endmembers whose geochemical distributions can be consistently understood in terms of derivation either non‐

Figure 8. (a) The Group Configuration based on dissimilarity of the till detrital zircon petrochronology data set. (b) The
Source Weights of the variables in the till detrital zircon petrochronology data set. See text for discussion and implications.
The date in this figure are available in Table S7.
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oxidized and fluid‐poor (i.e., low ore potential, Source 1) or oxidized and fluid‐rich (i.e., potential ore bodies,
Source 2) igneous rocks. Moreover, the proportions of the Source 2 endmember decrease with increasing distance
from the ore bodies. Finally, we demonstrate that individual zircon grains can be ascribed to either Source 1 or 2
(i.e., low or high ore potential). Combining these results from an empirical data set with previously published
results from an artificial data set suggests that the NNT1 method is a flexible, precise, and accurate method of
characterizing unknown sediment sources. Finally, we present a free web‐based application, DZgrainalyzer
(http://dzgrainalyzer.eoas.ubc.ca/), built on the code described by Graham et al. (2025) and capable of conducting
all of the analyses presented herein.
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