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• High-resolution hydrogeochemical 
analysis of two Great Lakes catchments 

• Analysis of δ65Cu signatures in >25 
rock, soil, and surface water samples 

• Mining-derived dissolved Cu isotopic 
composition traceable >30 km from 
source 

• Spatially diffuse isotope patterns 
complicate Cu source attribution in 
Trent River.  
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A B S T R A C T   

Copper (Cu) stable isotopes can elucidate the biogeochemical controls and sources governing Cu dynamics in 
aquatic environments, but their application in larger rivers and catchments remains comparatively scarce. Here, 
we use major and trace element hydrogeochemical data, Cu isotope analyses, and mixing modeling, to assess Cu 
loads and sources in two major river systems in Ontario, Canada. In both the Spanish River and Trent River 
catchments, aqueous hydrochemical compositions appeared reasonably consistent, but Cu concentrations were 
more variable spatially. In the Spanish River, waters near (historic) industrial mining activities displayed positive 
Cu isotope compositions (δ65CuSRM-976 between +0.75 ‰ and +1.01 ‰), but these signatures were gradually 
attenuated downstream by mixing with natural background waters (δ65Cu − 0.65 ‰ to − 0.16 ‰). In contrast, 
Trent River waters exhibited more irregular in-stream Cu isotope patterns (δ65Cu from − 0.75 ‰ to +0.21 ‰), 
beyond the variability in Cu isotope signatures observed for adjacent agricultural soils (δ65Cu between − 0.26 ‰ 
and +0.30 ‰) and lacking spatial correlation, reflective of the more diffuse sourcing and entwined endmember 
contributions to Cu loads in this catchment. This work shows that metal stable isotopes may improve our un-
derstanding of the sources and baseline dynamics of metals, even in large river systems.  
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1. Introduction 

Copper (Cu) is an important trace metal and essential micronutrient 
for organisms, but it can also be toxic to humans and other biota when 
present at elevated concentrations. Copper is naturally present and 
bioavailable in soils and surface waters from processes such as rock and 
soil weathering or atmospheric deposition (Sullivan et al., 2022; Ley-
bourne and Cameron, 2008), but Cu concentrations may also be 
increased because of human activity, including through point sources 
like metal mining and smelting, logging and pulp processing, infra-
structure, and industrial manufacturing (Daehn et al., 2017; Kerfoot 
et al., 1999; Sivry et al., 2008; Yin et al., 2015), as well as through 
diffuse sources such as application of Cu-based pesticides and fungicides 
(Vázquez-Blanco et al., 2022; Droz et al., 2021) and urban runoff 
(Ancion et al., 2010). The relevance of these potential geogenic versus 
anthropogenic Cu sources is highly variable spatiotemporally, with 
confounding impacts on Cu occurrence in surface environments (Fitchko 
and Hutchinson, 1975; Sullivan et al., 2022). In addition, the occurrence 
and fate of Cu in surface waters, particularly at baseline levels, is 
intricately coupled to low-temperature inorganic processes (physico-
chemical mineral-fluid interactions) and biological scavenging, and, 
therefore, the prevailing redox conditions and availability of macronu-
trients and primary production (Thomas et al., 2017; Schoenfuss et al., 
2020). A multitude of sources and biogeochemical processes thus need 
to be considered to understand Cu distribution patterns in surface waters 
(Fekiacova et al., 2015). 

Copper stable isotope variations in natural samples can be compar-
atively large relative to their mass difference (Wiederhold, 2015) and 
have been used as effective tracers of biogeochemical reactions and for 
source attribution in various environments, including seawater (Takano 
et al., 2017; Vance et al., 2008), freshwaters such as lakes, wetlands, and 
rivers (Babcsányi et al., 2014; Sivry et al., 2008), soils (Fekiacova et al., 
2015; Babcsányi et al., 2016), lacustrine and marine sediments (Little 
et al., 2014; Nitzsche et al., 2021; Araújo et al., 2017, 2019a, 2019b), 
atmospheric aerosols (Yang et al., 2019; Souto-Oliveira et al., 2019) and 
road dust (Jeong and Ra, 2021). Vance et al. (2008) presented an 
extensive dataset for Cu isotopic compositions in rivers worldwide, 
revealing a range in dissolved δ65Cu values from +0.02 to +1.45 per mil 
(‰, relative to NIST SRM-976). Open ocean waters generally exhibit Cu 
isotopic compositions heavier than those of rivers (δ65Cu + 0.9 ± 0.5 
‰), possibly related to fractionation during biological scavenging or 
aqueous complexation (Little et al., 2014; Takano et al., 2017; Baconnais 
et al., 2019). Recently, Wang et al. (2020) investigated δ65Cu of dis-
solved Cu in the Yangtze River and tributaries, which appeared higher 
than that of other rivers and was influenced by streamflow management 
and the presence of Cu sulfide deposits. In addition, various authors 
leveraged Cu isotopes to constrain the importance of mining as a source 
of Cu contamination in surface waters (Borrok et al., 2008; Kimball 
et al., 2009; Viers et al., 2018; Su et al., 2018). However, the applica-
bility of Cu isotope analyses in other riverine environments, especially 
hydrodynamically complex catchments, is otherwise scarce: the isotopic 
patterns of Cu have been studied predominantly in Cu-contaminated or 
enriched systems, whereas data from more pristine rivers is lacking. 

The North American Great Lakes form a globally unique freshwater 
resource, consisting of five major, serially connected lakes that are fed 
by thousands of tributaries across the United States and Canada (Sterner 
et al., 2017). Since the industrial revolution, anthropogenic emissions of 
metals have caused environmental degradation at various locations in 
the Great Lakes, particularly in the so-called Areas-of-Concern (Hartig 
et al., 2020). Copper is among the main historically important metal 
contaminants in the Great Lakes region (Chapra et al., 2012), but much 
of the information available on the sources and behavior of Cu in the 
Great Lakes is consequently derived from studies conducted in these 
locations with Cu-enriched sediments and/or waters, including the 
Hamilton Harbour, Spanish Harbour, and Bay of Quinte (Crowder et al., 
1989; Dixit et al., 1998; Milani et al., 2017). A recent mass-balance 

assessment of basin-scale Cu loads in the Great Lakes has revealed var-
iable source-sink behavior across the individual lakes, and suggested 
that atmospheric deposition, natural riverine runoff, and sedimentation, 
may all significantly impact lake-wide Cu budgets (Bentley et al., 2022). 
Nevertheless, the sources and (baseline) dynamics of Cu in other Great 
Lakes areas, including in most major tributaries, remain enigmatic. 

Two catchments in the Great Lakes region with significant Cu loads 
include the Spanish River (~12 t Cu/yr discharged to the Georgian Bay 
and Lake Huron), and the Trent River (~4 t Cu/yr discharged to Lake 
Ontario; Bentley et al., 2022). Both rivers are similar in terms of average 
summer flowrate (90 m3/s for the Spanish River, 120 m3/s for the Trent 
River; Environment and Climate Change Canada (ECCC), 2016) and 
catchment size (12,400 km2 for the Trent River, 14,000 km2 for the 
Spanish River; NRCAN database - Natural Resources Canada database, n. 
d.), but their catchment’s geological backgrounds, land use statistics, 
and (low) population densities (~90 versus 45 people/km2 for the Trent 
and Spanish Rivers, respectively) are dissimilar. The Spanish River and 
its major tributary, the Vermillion River, are situated in late Archean to 
Paleoproterozoic bedrock dominated by Ni-Cu-enriched felsic-intrusive 
and metamorphic rocks (Sudbury Igneous Complex; Gartner et al., 
1980), whereas most of the Trent River basin is underlain by the Mes-
oproterozoic Canadian Shield in the north and mid-Ordovician lime-
stones in the south (Brennand and Shaw, 1994; Brookfield and Brett, 
1987). The Vermillion River catchment further includes Sudbury, a city 
known for major Ni–Cu mining and metallurgical activities since the 
early 1900’s (Adamo et al., 1996); mining in the Sudbury district has 
been an important source of Ni and Cu enrichment in sediments in the 
Spanish Harbour, a historically contaminated site at the mouth of the 
Spanish River that is currently in recovery (Dixit et al., 1998). However, 
the relative present contributions of geogenic versus anthropogenic Cu 
loads in the Spanish River remain unknown (Bentley et al., 2022). In 
contrast, the Trent River drains the sparsely populated Kawartha Lakes 
and supplying watersheds in the northern part of its basin but has a 
significant agricultural region in its southern portion (32 % of the ba-
sin’s land coverage is pasture and cropland). Further, much of the Trent 
River downstream of the fluvial mid-catchment Rice Lake is part of an 
engineered waterway containing >15 canal locks and hydroelectric 
dams. Potential sources of Cu in this catchment may thus include natural 
weathering of Cu-bearing surficial deposits and soils, as well as 
anthropogenic inputs from industry, small population centers, or 
application of agricultural amendments (Sullivan et al., 2022), but their 
relative significance remains to be determined. Quantifying the origins 
and biogeochemical cycling of Cu in these large catchments (i.e., 
discharge >50 m3/s) with distinctively different potential point- versus 
non-point sources is imperative for our understanding of Cu dynamics in 
the Great Lakes basin and natural river systems in general. 

To this end, we investigate the hydrochemistry and Cu isotope sig-
natures in the Trent and Spanish River basins, as well as in a selection of 
possible endmember source materials in a first attempt to screen the 
potential range of isotopic signatures in these complex systems. The 
observed spatial trends in Cu loading rates and isotope compositions are 
used in mixing models to examine anthropogenic versus natural sources, 
as well as biogeochemical processes affecting Cu dynamics in these two 
catchments. 

2. Materials and methods 

2.1. Field sampling 

Surface waters from 35 locations in the Trent River catchment and 25 
locations in the Spanish River catchment (Fig. 1) were sampled in 
August 2021, well after snowmelt and avoiding major rain events. A 
subset of 16 samples were strategically selected posteriorly for isotope 
analysis, to ensure spatial coverage of the catchments, including at 
major tributary confluences. Surface water sampling locations, co-
ordinates, and dates are provided in Table S1. During the sampling 

T.P. Junqueira et al.                                                                                                                                                                                                                           



Science of the Total Environment 904 (2023) 166360

3

campaign, weather conditions (temperature, precipitation) were typical 
for the respective regions in August (Table S2). 

Surface water samples were collected using a roped, 20 L metal-free 
low-density polyethylene (LDPE) Niskin-type bucket from the stream 
centerlines (nominal depth of <1 m), to obtain a well-mixed sample with 
minimal suspension of particulates. Duplicates were collected in select 
locations to ensure repeatability. Immediately upon collection, aqueous 

samples were subdivided into 3 aliquots: (i) 250 mL was filtered using 
0.25 μm PTFE syringe filters (VWR, Canada) and acidified to 1 % nitric 
acid (HNO3) using ultrapure HNO3 (trace element grade, Sigma Aldrich) 
for analysis of total cation concentrations, (ii) 250 mL was filtered as per 
(i) but not acidified for analysis of anions and electrochemical param-
eters, and (iii) 1 L bulk water (unfiltered and unacidified) was express- 
shipped to the laboratory for filtering and acidification before 

Fig. 1. Sampling locations and land cover in the Spanish River (A; top) and Trent River (B; bottom) catchments (individual spatial scales), Ontario, Canada. The 
location of both catchments within the Great Lakes region is indicated in the top left; the land cover and sampling legend in the top right applies to both frames. 
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purification for Cu isotope analysis (Section 2.2). All aqueous sample 
aliquots were stored in opaque Nalgene bottles (TraceCert, Supelco) in 
an ice-packed cooler at <4 ◦C in the dark until further processing. 
Sample handling equipment was pre-cleaned with 2 % ultrapure HNO3 
and de-ionized (DI) water (18.2 MΩ; Millipore Q-pod) before use, and 
five control samples per catchment (DI water blanks) were collected as 
described above for procedural blanks. The remainder of the collected 
sample was used to measure electrochemical parameters in the field 
(temperature, pH, redox potential [ORP], total dissolved solids [TDS], 
specific conductance [EC], and dissolved oxygen [DO]), using HANNA 
HI9813-6 multimeters, Milwaukee MW500 Portable ORP meters, and 
Extech DO-210 Dissolved Oxygen probes. All field probes were cali-
brated per manufacturer instructions every five samples. 

Six bedrock samples were collected as grab samples at accessible and 
exposed locations after dislodging with a rock hammer. After consid-
eration of previous geological mapping (Lightfoot and Farrow, 2002) 
and representative bulk elemental composition, two bedrock samples 
were selected for isotope analysis. Top-soil samples (n = 7) were 
collected from select agricultural fields for which permission was ob-
tained, and which were proximal (<2 km) to the main river branch and 
strategically spread across the catchment. Top-soils were sampled using 
a 3 cm diameter soil auger to a maximum depth of 30 cm (A and B soil 
horizons). For each soil sample, material was collected at four different 
sub-locations spread ~50 m across a single field plot, which was cleared 
from macroscopic crop residue, if needed, and subsequently mixed and 
homogenized. All collected rock and soil samples were stored in plastic 
ZipLock bags and kept at <4 ◦C in the dark until further processing. The 
sampling locations of these soil and rock samples, as well as two mine 
waste seepage samples collected as stream samples as described above, 
are detailed in Table S3. 

2.2. Sample processing 

Aqueous sample aliquots for isotope analysis were vacuum-filtered 
through 0.25 μm nylon membrane filters (ChromTech, Canada) in the 
laboratory immediately upon receipt. For this, an acid-washed glass 
vacuum-filtration apparatus was operated inside a custom-built Plexi-
glas chamber that allowed for controlled internal air circulation through 
a HEPA filter, and the Plexiglas chamber itself was situated in an over- 
pressurized Class-1000 clean room at the Queen’s Facility for Isotope 
Research (QFIR, Queen’s University, Canada). Blanks (DI water) and 
duplicates were generated every 10 samples for procedural quality 
control on the filtration process. The obtained filtered aliquots were 
subsequently acidified to 2 % with ultrapure HNO3, evaporated to 
obtain approximately 250 ng of Cu (typically requiring 100–1000 mL of 
aqueous sample) and pre-purified for isotope analysis in an over- 
pressurized class-1000 clean room at the Queen’s University Nano-
Fabrication Kingston (NFK) center (Section 2.3.2). Duplicates and trip-
licates of select samples were processed depending on availability of 
sample volume. 

Rock samples were fragmented to <1 mm diameter using a SelFrag 
electric pulse crusher (SelFrag AG, Switzerland). Crushed bedrock and 
collected soil samples were then freeze-dried (Freezone − 50 ◦C, Lab-
Conco) for 24 h, and ground with an agate mortar and pestle. Dried and 
crushed solid samples were subsequently acid-digested in an aqua-regia- 
like solution in a Multiwave 3000 microwave-assisted digestor (Anton- 
Paar). For this, 3 mL HNO3, 9 mL hydrochloric acid (HCl), 2 mL 
hydrogen peroxide (H2O2), and 3 mL hydrofluoric acid (HF) were added 
to ~50 mg sample aliquots weighed into Teflon-PFA vessels and heated 
at 240 ◦C for 4 h. All acids (47 % HF, OmniTrace, 67 % HNO3, Ana-
chemia, and 37 % HCl, Fisher Chemical) and the peroxide (32 % H2O2, 
VWR Avantor) were of ultrapure grade. Following digestion, acid ex-
tracts were cooled for 60 min and transferred to pre-cleaned Falcon 
tubes and diluted to a final volume of 50 mL with DI water. Aliquots of 
the final digestates were analyzed for total elemental concentrations and 
Cu isotopic composition (Section 2.3). Two blanks and three 

commercially available certified matrix reference materials (VHG-SL1, 
sewage sludge, VHG-SSD-1A, soil, and USGS-BHVO-1, Hawaiian basalt) 
were included with each digestion cycle. The average recovery of Cu was 
107 ± 2 % across these three solid reference materials (Table S4). 

2.3. Analytical methodology 

2.3.1. Total elemental concentrations and major water quality parameters 
Total concentrations of Cu and other trace elements in aqueous 

samples and acid-digestates were measured on an iCAP triple 
quadrupole-inductively coupled plasma-mass spectrometer (TQ-ICP- 
MS; Thermo Scientific). The instrument was operated as a single quad-
rupole in KED mode (He collision gas) or as a triple-quadrupole (O2 
reaction gas), utilizing mass shifting to reduce isobaric interferences. 
Major elements, including Na, Ca, Mg, S, and P, were also quantified 
using a Thermo Scientific iCAP Pro XPS inductively coupled plasma- 
optical emission spectrometer (ICP-OES). Both instruments were exter-
nally calibrated daily, and internal standards (Sc, In, Re) were used for 
drift correction. Analytical blanks and commercial aqueous certified 
reference materials (NRC-AQUA1, NRC-SLRS-6, and NIST-1643f) were 
measured every n = 10 samples (average elemental recovery 96 ± 11 %; 
Table S5). Finally, dissolved ion concentrations of sulfate (SO4

− 2), 
phosphate (PO4

− 3), chloride (Cl− ), as well as total carbonate alkalinity, 
were measured on an automated photospectrometer (ThermoScientific 
Gallery) using supplier reagents and instructions. Detection limits are 
provided in Table S6. 

2.3.2. Sample pre-purification for isotope analysis 
Sample pre-purification and reagent preparation for isotope analysis 

occurred in a laminar flow hood in a Class-1000 clean room at Queen’s 
University’s NFK center. Ultrapure HCl and HNO3 for sample purifica-
tion were distilled by sub-boiling technical grade acids (VWR, ACS 
Grade) on a DST-1000 (Savillex) purification system and titration with 
18.2 MΩ DI water (Millipore Q-pod). The sample pre-purification 
methodology was adapted from Maréchal et al. (1999), Kidder et al. 
(2020), and Sullivan et al. (2020), and is summarized in Table S7. In 
brief, Cu was isolated from the aqueous sample matrix using 8 mm 
Teflon columns (Eichrom Technologies Inc.) loaded with 1 mL pre- 
cleaned Bio-Rad AG MP-1 strong exchange resin (100–200 mesh). 
Before sample loading, the resin was cleaned with 20 mL 3 M HNO3, 20 
mL 6 M HCl, and 20 mL DI water, after which the column was condi-
tioned with 4 mL 8 M HCl. The samples were loaded onto the resin in 1 to 
2 mL 8 M HCl + 0.03 % H2O2. Matrix elements were first removed using 
4 mL 8 M HCl + 0.03 % H2O2, Cu was eluted in 13 mL of 8 M HCl + 0.03 
% H2O2, after which Fe and Zn were collected in 10 mL 1 M HCl + 0.03 
% H2O2, and 10 mL DI water, respectively, all in pre-cleaned Savillex 
Teflon vials. The collected fractions were subsequently evaporated on a 
hotplate (80 ◦C) for 24 h in the clean room, re-dissolved in 1 mL 8 M HCl 
and re-loaded onto the column for a second pass, and third pass for select 
samples with high matrix element concentrations. For these second and 
third purification steps, the column resin preparation and elution steps 
were the same as those of the first pass (Table S7). A synthetic multi- 
element solution containing Cu, Na, Ti, Fe, Zn, and other matrix ele-
ments at concentrations of 10 μg/mL was used for optimization and 
quality-control of the pre-purification; the achieved chromatographic 
separation of Cu from the sample matrix is illustrated in Fig. S1. The 
chromatographic recovery yield of samples was checked before isotope 
analysis to exclude isotope bias from purification. 

2.3.3. Copper isotope analysis 
Pre-purified sample collects were first refluxed in their Savillex vials 

with 50 μL concentrated HNO3 on a hotplate (180 ◦C), and subsequently 
evaporated at 80 ◦C and re-dissolved in 300 μL of 2 % HNO3 to break 
down organic residues from the resin and replace matrix chlorides with 
nitrates for analysis. Copper isotope abundances were subsequently 
determined on a Neptune or Neptune+ multicollector-ICP-MS (MC-ICP- 
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MS; both ThermoScientific) in wet-plasma mode, either at QFIR 
(Queen’s University, Kingston, Canada), at the PSO (Ocean Spectrom-
etry Pole) platform at L’Institut Français de Recherche pour l’ex-
plotation de la Mer (IFREMER; Brest, France), or at Géosciences 
Environnement Toulouse (GET; France). Pre-purified samples with Cu 
concentrations of ~250 ng were introduced to the MC-ICP-MS through 
an Elemental Scientific microFast dual-loop syringe-injection autosam-
pler, a low-flow (20–50 μL/min) PFA nebulizer, and cyclonic double- 
pass quartz spray chamber. Copper isotopic compositions are reported 
as δ65Cu values relative to NIST SRM-976, as follows: 

δ65Cu(‰) =

⎡

⎢
⎢
⎢
⎣

(
Cu65

Cu63

)

sample(
Cu65

Cu63

)

standard

− 1

⎤

⎥
⎥
⎥
⎦
× 1000 

Measured Cu isotope ratios were corrected for instrumental mass 
bias by performing sample standard bracketing with the isotopic stan-
dards ERM-AE633 and NIST SRM-976 (Kidder et al., 2020). Aqueous 
and solid samples for which repeat analyses failed to achieve a standard 
deviation of ±0.08 ‰ were not further considered or interpreted. 
Finally, multiple certified reference materials were used for methodo-
logical validation of the Cu isotope analyses. These included BIR-1 and 
BHVO-1 (USGS; basalt), SLRS-4-6 (NRC; rivers water), MESS-3-4 (NRC; 
marine sediment), and SSD-1A (VHG; amended soil, first report). The 
δ65Cu values determined for these reference materials are reported and 
compared with literature values in Table S8. 

2.4. Data processing 

Copper enrichment factors in soil samples were calculated based on 
aluminum- and titanium-normalized Cu concentration ratios of samples 
compared to the respective ratios of appropriate backgrounds, as 
described in Supporting Information Methods M1 and Table S9. Finally, 
isotope mixing models were constructed with IsoSource (Version 1.3.1, 
US Environmental Protection Agency) to calculate the ranges of poten-
tial endmember contributions to stable isotope mixtures (river water 
samples), as described in Supporting Information Methods M2 and 
Table S10. 

3. Results and discussion 

3.1. Hydrochemistry of the Spanish and Trent Rivers 

All Spanish and Trent River water samples were well‑oxygenated 
(5.4 mg/L < O2 < 10.7 mg/L; corroborated by ORP values >125 mV), 
neutral to slightly alkaline (6.6 < pH < 8.9) and had alkalinity between 
58 mg/L to 222 mg/L (Table S11). Both rivers exhibited consistently low 
phosphate concentrations at <15 μg/L, on average. Whereas sulfate and 
chloride levels were reasonably consistent in the Trent River (<35 % 
relative standard deviation across the catchment), they varied signifi-
cantly in the Spanish River, e.g., from <4 to >40 mg/L for both sulfate 
and chloride (Table S11). The Spanish River further contained on 
average higher concentrations of Ca, Mg, Al, and sulfate than the Trent 
River, but lower alkalinity and lower concentrations of Na, Cl, and Si (p 
values between 0.01 and 0.1); Table S11), in line with the different 
geological backgrounds and population densities of these catchments 
(Thurston et al., 1992); a Piper diagram illustrating the general river 
water types is provided in Fig. S2. Overall, dissolved chloride, phos-
phate, and sulfate concentrations determined by photospectrometry 
quantitatively aligned with total dissolved Cl, P, and S concentrations 
obtained by ICP-OES or ICP-MS (data not shown), confirming these ions 
dominated the aqueous speciation of these elements. Assessment of the 
ion charge balance of the river samples revealed only minor excess 
positive charge (<5 meq/L; data not shown), which is attributed to the 
fact that negatively charged dissolved organic matter, nitrogen species, 

and halogens other than chloride were not measured. Further, a com-
parison between the recorded hydrochemistry and surface water quality 
data from the Ontario Provincial Water Quality Monitoring Network 
(PWQMN - Provincial Water Quality Monitoring, n.d.; Table S12) shows 
that aqueous parameters in 2021 were generally in line with long-term 
averages. 

In addition to differences between the Spanish and Trent Rivers, 
water quality also varied within each catchment. The majority of water 
quality parameters measured within the Trent River was fairly normally 
distributed (skewness<|1.6|), but variability in the Spanish River was 
higher (skewness>3 for various parameters; Table S11). There were no 
discernable spatial trends of consistently increasing or decreasing major 
or trace element concentrations upstream-to-downstream in either river. 
At least part of the observed variability in water quality is attributed to 
the distribution of sampling locations: the Trent River was sampled more 
predominantly in its main branch, and its sampled tributaries displayed 
a similar hydrochemistry, with the exception of slightly higher Cl in the 
Crowe River and slightly higher sulfate in the Indian and Otonabee 
Rivers. In contrast, the Spanish River sampling locations included more 
tributaries that exhibited higher phosphate and chloride concentrations 
(i.e., up to 3 times the Spanish River average in Junction Creek), or 
higher sulfate, Ca, and alkalinity (e.g., in the Black and Ministic Creeks, 
and, to a lesser extent, Vermillion River). Overall, the major water 
quality parameters thus reveal reasonably consistent water types in the 
Spanish and Trent River catchments, overprinted by hydrochemical 
variability introduced by tributaries. 

3.2. Trends in dissolved Cu in the Spanish and Trent rivers 

Dissolved Cu concentrations in the Trent River ranged from 0.2 to 
2.5 μg/L and in the Spanish River from 0.8 to 4.9 μg/L (Fig. 2), both of 
which are in line with ranges observed in long-term monitoring pro-
grams (Table S12). Whereas the Cu concentrations recorded in both 
river systems were spatially variable across their entire catchments, they 
did not reveal a consistent trend of accumulation or depletion upstream- 
to-downstream (Fig. 2). On average, dissolved Cu concentrations in the 
Spanish River (2.5 ± 1.4 μg/L) were significantly (P < 0.01) higher than 
in the Trent River (0.9 ± 0.1 μg/L), but the overall variability in these 
concentrations was lower in the Spanish River than in the Trent River 
(skewness of 0.3 compared to 1.1 in Trent River; Table S11). Dissolved 
Cu concentrations between neighboring sampling locations changed 
only slightly for the Spanish River (<20 % per km), but more substan-
tially for the Trent River (up to a factor of 4 per km). The few samples 
with relatively high Cu did not exclusively correspond to locations near 
urban areas (e.g., TR9 in Trenton or VR1 near Sudbury), nor to specific 
sampled tributaries (e.g., TR31 in the Indian River): elevated Cu con-
centrations were equally recorded in the main branches of both rivers 
(Fig. 2). 

A comparison between Cu concentrations and other hydrochemical 
parameters reveals that elevated Cu concentrations in specific locations 
in both the Spanish and Trent Rivers were unrelated to anomalies in 
other major parameters (examples in Fig. S3). With the exception of the 
elevated solute levels in the Junction Creek sample near Sudbury, trib-
utary and main branch samples with elevated Cu concentrations in both 
rivers appeared to have hydrochemical compositions typical for their 
respective catchments (Table S11). This lack of systematic and signifi-
cant Cu enrichment in the sampled tributaries suggests that confluences 
are not a major control on Cu dynamics in these catchments, especially 
when considering their smaller flow rates and therefore Cu loads. The 
reasonably consistent Spanish and Trent River hydrochemistry dis-
cussed above, including in terms of phosphate (Table S11), further im-
plies that in-stream variability in biogeochemical cycling of Cu is small, 
but additional analysis of other parameters (nitrogen, chlorophyll) is 
required to confirm. Finally, the absence of precipitation events during 
sampling rules out dilution effects on the observed Cu concentration 
dynamics. 
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The spatially variable occurrence of Cu in the Trent and Spanish 
River systems may have been influenced by other natural and anthro-
pogenic inputs, including unsampled tributaries (albeit with small 
discharge), wastewater treatment effluents (e.g., near Sudbury; Pinter 
et al., 2022), or baseflow. For the latter, groundwater data for both 
catchments are scarce, but monitoring through the Ontario Provincial 
Groundwater Monitoring Network (PGMN – Provincial Groundwater 
Monitoring Network, n.d.) suggests that groundwater Cu levels were 
consistent between 2006 and 2019 and ranged between 0.8 and 4.9 μg/L 
for select wells near Sudbury (Spanish River) and between 0.3 and 2.2 
μg/L in select wells across the lower Trent River basin (Table S13). 
Groundwater Cu concentrations are thus similar to those observed in 
nearby surface water samples and display a similar spatial variability. 
However, further speculation on the potential role of groundwater 
discharge in controlling surface water Cu levels is complicated by the 
lack of monitoring data for surficial aquifers in other regions of these 
catchments, particularly the sparsely populated upper reaches of both 
catchments, as well as uncertainty in the location of gaining versus 
losing stream segments. The suggested role of groundwater for solute 
dynamics in other areas of the Great Lakes (Xu et al., 2021) warrants 
additional investigation of the baseline groundwater chemistry, 
including for Cu, and especially in upstream regions of the Spanish and 
Trent River watersheds. In summary, dissolved Cu concentrations were 
consistently higher in the Spanish River compared to the Trent River (p 
< 0.01), but in both cases, Cu occurrence patterns are spatially variable 
and lack correlation with other major hydrochemical parameters. 

3.3. Chemical composition of soils, rocks, and mine waste seepage 

The elemental composition of the sampled solid materials and mine 
waste seepage is provided in Table S14. Bedrock samples from the 
Spanish River basin contained lithologies representative of the area 
(Sudbury Igneous Complex; Lightfoot and Farrow, 2002), including 
partially melted and brecciated footwall gneisses with complex sulfide 
mineralization and platinum group element-rich mineralization (Morris 
et al., 2022). The total Cu content in these bedrock samples ranged 
between 2.8 and 4.2 mg/kg, and showed high contents of Cu, Zn, and S 
(Table S14), albeit at lower magnitudes than the average grade in 
Sudbury Igneous Complex rocks (~1 % Cu; Lightfoot and Farrow, 2002). 
Aqueous samples collected in mine waste seepage streams near Sudbury 
were acidic (2.8 < pH < 5.8) and contained up to 1.6 mg/L dissolved Cu, 
as well as high (mg/L-range) levels of other solutes, including sulfate, 
Fe, and Zn (Table S14). These seepage waters thus display features 
resemblant of acid rock drainage, with high dissolved Cu concentrations 
sustained by low pH and a composition markedly different from other 
creeks sampled in the Spanish River catchment. 

Soil samples collected across the Trent River catchment exhibited Cu 
contents from 8 to 47 mg/kg (Table S14); a range similar to previous 
data for sediments in this region (Frank et al., 1976). Soils with higher 
Cu contents were not co-located to river locations with elevated dis-
solved Cu concentrations. Further, Cu contents were correlated (R2 =

0.81) with the P contents of the agricultural soil samples (between 0.47 
and 3.16 mg/kg), as well as with other major elements (e.g., Na or Fe at 

Fig. 2. Spatial trends of total dissolved Cu concentrations and δ65Cu values in the Spanish and Trent River catchments. Plotted against the distance-to-river-mouth (x- 
axes) for the two river systems are the total concentrations of Cu in the Spanish River (top panel) and Trent River (bottom panel) systems, with the sampling locations 
indicated by the color-coded circles (corresponding legends indicated in each frame), as well as Cu isotope compositions of river water samples and endmember 
samples in both catchments (right legend applies to both frames). The approximate average flow rate is identified by stream thickness (right legend; both frames) and 
major hydrological features are annotated for clarity. 
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R2 > 0.65; Table S14). Calculated enrichment factors (EF) for the soil 
samples ranged between 0.4 and 1.2, overall (Table S9), suggesting that 
the agricultural soils collected in the Trent River catchment present little 
to no Cu enrichment. The samples with the largest EF (TS6 and TS3 at 
1.22 and 1.02, respectively) did not have the highest Cu content 
(Table S14), were located at opposite ends of the sampled region (Fig. 1) 
and did not coincide with river locations with elevated dissolved Cu. Soil 
samples TS1 and TS2 exhibited the lowest Cu content, as well as the 
lowest EF, indicating that these samples may be representative of the 
geogenic background. In context of much higher EF of Cu reported for 
other soils and sediments (Araújo et al., 2017; Thapalia et al., 2010), the 
soils sampled in the Trent River catchment thus do not demonstrate a 
significant enrichment of Cu. 

3.4. Copper isotopic signatures 

The δ65Cu values measured for the Spanish and Trent River water 
samples, as well as for bedrock and soil endmember samples, are pro-
vided in Fig. 2 and Table S15. Overall, significant variability in δ65Cu 
was observed across samples within both catchments; a general com-
parison of the entire dataset with previously published δ65Cu values for 
rivers is provided in Fig. S4. Trends in Cu isotope signatures in both 
catchments are discussed separately below. 

3.4.1. Copper isotope compositions in the Spanish River system 
Bedrock samples from the Spanish River basin displayed slightly 

negative δ65Cu values (− 0.57 ± 0.08 ‰ to − 0.20 ± 0.04 ‰; Fig. 3, 
Table S15), aligning with previous data on similar, mafic meta-
morphized rocks (− 0.69 to − 0.20 ‰; Zhao et al., 2022) and showing a 
depletion of 65Cu relative to the upper continental crust (UCC; δ65Cu +
0.07 ‰; Li et al., 2009). In contrast, the mine waste seepage samples 
presented more positive δ65Cu values ranging from +0.81 to +0.95 ‰ 
(2SD of ±0.06 ‰; n = 6), showing an enrichment of 65Cu in the seepage 
relative to the bedrock. Previous work on Cu isotopes in natural archives 
impacted by mining and metallurgical wastes has found large variability 
in δ65Cu in fluids (− 1.52 ‰ to +1.75 ‰; Viers et al., 2018; Song et al., 
2016; Sullivan et al., 2022), a range which the mine waste seepage 
samples from this work fall within. The oxidative dissolution of Cu- 
bearing sulfides underlying acid rock drainage and subsequent reten-
tion of Cu in secondary precipitates may render the Cu isotopic 
composition of affected seeps enriched in the heavier Cu isotope relative 
to the original solid (Viers et al., 2018; Masbou et al., 2020). Thus, the 
65Cu-enriched mine wastewater samples may represent the endmember 
contribution of mining activities to the Junction Creek and therefore the 

Spanish River, whereas the 65Cu depleted bedrocks may be considered 
more representative of the geogenic endmember. 

Stream water samples collected in the Spanish River displayed a 
large upstream-to-downstream variation of δ65Cu values from − 0.56 to 
+0.36 ‰ (Fig. 3, Table S15). The Cu isotope composition of stream 
water proximal to tailings (VR1 and VR4) was significantly enriched in 
65Cu (+0.15 to +0.36 ‰), above the signature of the upper continental 
crust but below those of the mine waste seepage samples. The isotope 
compositions of waters sampled in non-impacted locations in the Black 
Creek (sample SR7) and Vermilion River (sample VR2, Fig. 2) were more 
negative than − 0.40 ± 0.07 ‰, indicating Cu in upstream uncontami-
nated areas is depleted in 65Cu relative to the mine wastewater seepage 
and more in line with the bedrock background (Fig. 3). Thus, the distinct 
separation in dissolved δ65Cu signatures in Spanish River water samples 
suggests that surface waters emanating near mine waste storage facil-
ities carry a distinctive “heavy” isotopic fingerprint compared to more 
pristine waters that are less likely to be influenced by anthropogenic 
activities and instead carry a 65Cu/63Cu ratio close to that of the regional 
bedrock (Fig. 3). 

To further assess the above hypothesis, mixing models were used to 
estimate the potential source proportions of mine waste seepage in four 
increasingly downstream Spanish River water mixtures (VR1, VR4, 
VR28, and SR11; Methods M2). The mixing calculations predict an 
average mine-derived Cu source proportion of ~60 % at VR1 in Junction 
Creek, which decreases to ~3 % further downstream in the Vermillion 
River (VR28; Fig. S5). The average discharge of the Junction Creek near 
Sudbury is 5–10 m3/s (ECCC, 2016) and measured Cu concentrations are 
on the order of a few μg/L (VR1; Table S10), indicating that any inputs 
with Cu concentrations exceeding 1 mg/L, as is the case for the mine 
waste seepages, need only exhibit very small flow rates (on the order of 
10–100 L/s) to achieve a 60 % overall Cu load contribution. These 
discharge rates are realistic for the sampled mine waste seepage creeks. 
At VR28, >40 km downstream of VR1, the Vermillion River has flow 
rates of >50 m3/s, but the predicted source proportion of the mine waste 
seepage also quantitatively supports its gradual dilution considering the 
Cu load at this location (Table S10). An exception is the most down-
stream Spanish River sample SR11 with slightly elevated δ65Cu values 
relative to the geogenic background. For this location, the mixing model 
predicted unrealistically high source proportions (Fig. S5), given that 
the discharge at the mouth of the Spanish River is ~150 m3/s. We 
speculate that the isotopic composition of this sample is potentially 
affected by backflow, or that its (low) dissolved Cu concentrations are 
impacted by re-suspension or upward diffusion of sediment-derived Cu. 
However, overall, the gradual mixing of the mine-derived Cu load car-
ried by the Junction Creek with downstream tributaries after transecting 
the Sudbury district may explain the observed decrease in the δ65Cu 
values for ~40 km in the Vermillion River, with downstream persistence 
being dependent on the magnitude of the source load and the absence of 
other sources of significant scale in the catchment. 

Finally, once introduced to surface water, dissolved Cu may frac-
tionate as a result of biological uptake (Ryan et al., 2013), mineral 
precipitation (e.g., in acid mine drainage settings; Viers et al., 2018), or 
adsorption (Sullivan et al., 2022). Except for the most upstream sample 
VR1, the consistently near-neutral, oxic, and low TDS conditions in the 
Spanish River are not indicative of strong redox gradients that could 
have induced extensive precipitation and thereby Cu isotopic fraction-
ation. This is further corroborated by a lack of systematic variation in 
δ65Cu as a function of pH, alkalinity or ORP (Fig. S3). The consistent 
hydrochemistry in the Spanish River main branch, in addition to rela-
tively short transport times, thus suggests that the variability in its Cu 
isotopic composition, including the gradually decreasing upstream-to- 
downstream signature, is source-determined and practically conserva-
tive with little fractionation post-solubilization. However, additional 
time-resolved analyses of river waters and endmember materials like 
groundwaters are required to further elucidate such in-stream Cu 
isotope dynamics. 

Fig. 3. Copper isotopic compositions (δ65Cu; ‰) versus Cu concentrations for 
Spanish River water samples and investigated endmember materials. Raw data 
is provided in Tables S11 and S14. The Upper Continental Crust value is ob-
tained from Li et al. (2009); δ65Cu ~ 0.07 ‰. Surface water samples are indi-
cated in red stars, industrial (mine wastewater) endmembers in blue, and 
geogenic endmembers (natural bedrock) in yellow rhombuses, all with sample 
numbers indicated adjacent to the symbols. Note the truncated x-axes to visu-
alize dissolved- versus solid-phase Cu concentrations. 
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3.4.2. Copper isotope compositions in the Trent River system 
Measured δ65Cu values for samples of soils collected >50 km apart 

throughout the Trent River catchment varied between − 0.20 and +0.28 
‰ (Fig. 4 and Table S15). The variability and overlapping Cu isotopic 
compositions of these (non-enriched) soils are consistent with the 
broader ranges of δ65Cu values observed in non-contaminated soils 
elsewhere (Bigalke et al., 2010, 2011; Thapalia et al., 2010; Sullivan 
et al., 2022). The soil sample with the highest Cu content (TS5; 48 mg/ 
kg) in the Trent River catchment exhibited the most positive Cu isotope 
signature (+0.28 ‰), but the soil with highest Cu enrichment factor 
(TS3; up to 3.6; minor enrichment) exhibited the lowest δ65Cu value 
(− 0.20 ‰; Fig. 4). No correlations between δ65Cu and the Cu concen-
tration nor the Cu enrichment factor were evident, unlike what has been 
observed in contaminated sediments elsewhere (Araújo et al., 2019a, 
2019b; Fekiacova et al., 2015). The absence of such relationships is 
likely due to the limited number of samples analyzed, the relatively low 
Cu contents and enrichment factors in the soils of this study, and the fact 
that Cu occurrence in soil environments is generally affected by many 
factors, including the aqueous and mineralogical chemical speciation of 
Cu and alteration thereto under variable soil redox conditions and 
horizontal/vertical deportment, all of which affect Cu isotope signatures 
in soils (Bigalke et al., 2010, 2011; Kusonwiriyawong et al., 2017; Wang 
et al., 2017). In addition, soil composition data may be normalized to the 
parent material (e.g., as in Mathur et al., 2012) however, unweathered 
bedrock for the Trent basin was not collected in the present work. 

The δ65Cu range of Trent River water samples (δ65Cu ranging from 
− 0.72 to +0.15 ‰; Fig. 4) overlapped with that of the investigated soils 
in the catchment, but with higher variability and trending to more 
negative values. No consistent upstream-to-downstream trends in Cu 
isotopic composition could be observed in the Trent River water samples 
(Fig. 2; Table S15). Furthermore, δ65Cu values in Trent River water 
samples appeared unrelated to pH, alkalinity, or ORP (Fig. S3), or to 
concentrations of other major ions, including phosphate and sulfate 
(data not shown). The aqueous Cu isotope compositions also did not 
systematically correlate with δ65Cu values of nearby soil samples (e.g., 
soil sample TS6 exhibited a different δ65Cu (+0.11 ‰) than the <2 km 
upstream surface water sample TR32 (− 0.02 ‰); Fig. 2). 

The geology and land use characteristics of the Trent River catch-
ment are considerably more heterogeneous than those of the Spanish 
River (Fig. 1) and this catchment heterogeneity implies that Cu may be 
released from different and more diffuse sources along the river flow 

path. In order to investigate the potential source proportions of soil 
endmembers to Cu dynamics in Trent River surface waters, mixing 
models were constructed to quantify the widest possible range of source- 
mixing solutions able to explain the observed δ65Cu values (Methods 
M2; Table S10). The mixing calculations show that the most positive 
aqueous δ65Cu value in Trent River sample TR8 (+0.15 ‰) can be 
explained by soil sample contributions of up to 60 % from the most 
positive and negative δ65Cu soils (TS5; +0.28 ± 0.02 ‰, and TS3; − 0.20 
± 0.06 ‰, respectively; Fig. S6), and similarly, that negative aqueous 
δ65Cu values for the Trent River main branch (sample TR28; − 0.27 ±
0.01 ‰) can be produced by soil sample contributions of up to 30 %, 
using the same most positive and negative soil δ65Cu values. Further-
more, adoption of a literature δ65Cu value for pesticides (− 0.49 ± 0.01 
‰; Blotevogel et al., 2018) shows similarly wide-ranging potential 
source contributions of 28–42 %, on average, for the most positive and 
negative δ65Cu values in Trent River water samples, respectively 
(Fig. S6). These improbable and impractically large ranges in source 
proportions suggest that the overlapping δ65Cu values for even a single 
endmember type (soils), and potential myriad of other entwined Cu 
sources contributing to the riverine Cu isotope signature, prohibit a 
further tracing of its exact sourcing in this catchment. 

Although the reasonably consistent hydrochemical composition of 
the Trent River water samples (similar to the Spanish River discussed 
above) equally suggest little in-stream Cu fractionation upstream-to- 
downstream, the imprints of more diffuse Cu sources in the Trent 
River catchment, as well as biogeochemical Cu fractionation along the 
soil-groundwater and groundwater-surface water interfaces (Vázquez- 
Blanco et al., 2022), remain elusive. Thus, the reported data show that 
for larger-scale heterogeneous river systems, in order to use Cu isotopes 
for source-tracking, it is critical to have well-defined endmembers and 
quantitative constraints on potential fractionation processes at the soil- 
river interface and within catchment reservoirs (e.g., in Rice Lake in the 
Trent River catchment). Additional stable isotopic systems such as Zn, 
Cd, or Li, may be complementary tools (Fekiacova et al., 2015; Millot 
and Négrel, 2021). 

3.5. Implications for water quality management 

Copper isotopic analysis has been successfully applied to source- 
track Cu inputs in smaller-scale catchments with distinct endmember 
signatures (e.g., Cobica River, Spain; Viers et al., 2018; Meca River, 
Spain, Masbou et al., 2020), but have been less applied in rivers with 
>100 m3/s discharge rates. This study presented new Cu isotope data for 
major fluvial systems in the Great Lakes basin. The Cu isotope compo-
sition of Spanish River headwaters was significantly enriched in 65Cu 
relative to the average bedrock in the catchment, and imprints on the 
downstream river could be tracked to significant (>30 km) distance. Our 
work provides additional evidence for a genetic link between continued 
Cu loads to the Spanish River and (historic) mining activities in the 
Sudbury district and suggests that Cu isotopes can be applied to source- 
track loads in other mining-impacted rivers, even when discharge rates 
are high and the river network complex. For the Trent River, catchment 
heterogeneity, diffuse Cu sourcing and overlapping endmember signa-
tures prevented a conclusive causal assessment of surface water Cu 
isotope compositions and the investigated soil endmembers. Additional 
sampling and analysis of endmember materials (i.e., wastewater 
effluent, urban runoff, road dust), as well as quantification of Cu frac-
tionation at the soil-river interface, could aid investigations of Cu dy-
namics in this catchment. 

Despite dissolved Cu concentrations in the Spanish and Trent River 
systems remaining below water quality guidelines, both rivers introduce 
Cu to their receiving Great Lakes with basin-relevant loads (Bentley 
et al., 2022). The Spanish and Trent Rivers displayed downstream δ65Cu 
compositions between − 0.03 ‰ and − 0.64 ‰ (Fig. 2, Table S15), 
suggestive of major inputs of 65Cu-depleted riverine Cu to Lakes Huron 
and Ontario. Further investigation of Cu isotope patterns in the 

Fig. 4. Copper isotopic compositions (δ65Cu; ‰) versus Cu concentrations for 
Trent River water samples and investigated endmember materials. Raw data is 
provided in Tables S11 and S14. The Upper Continental Crust value is obtained 
from Li et al. (2009); δ65Cu ~ 0.07 ‰. River water samples are indicated as red 
stars, endmembers (soils) in yellow rhombuses, all with sample numbers indi-
cated adjacent to the symbols. Note the truncated x-axes to visualize dissolved- 
versus solid-phase Cu concentrations. 

T.P. Junqueira et al.                                                                                                                                                                                                                           



Science of the Total Environment 904 (2023) 166360

9

connecting channels of the Great Lakes basin, including in the St. Law-
rence River, may help elucidate whether the observed Spanish and Trent 
River tributary signatures extrapolate to basin-scale Cu export and align 
with other global river systems (Vance et al., 2008), or whether addi-
tional in-lake fractionation occurs and can be used to refine estimates of 
Cu loading rates delivered to the Atlantic Ocean. Identifying these 
pathways and sources by which Cu is transported into and across the 
Great Lakes will improve water quality management at transnational 
scale, for historically contaminated sites as well as regional baseline 
levels. Furthermore, this study demonstrates a means to fingerprint Cu 
sources in materials that may possess relatively low concentrations, 
which may be applied to other river systems to refine global baseline 
levels or to examine regional impacts of anthropogenic (e.g., mining) 
activities. 
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