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Abstract :   
 
The advent of Multicollector ICP-MS advent inaugurated the analysis of new metal isotope systems, the 
so-called “non-traditional” isotopes. They are now available tools to study geochemical and 
ecotoxicological aspects of marine metal contamination and hence, to push the frontiers of our knowledge. 
However, such applications are still in their infancy, and an accessible state-of-the-art describing main 
applications, obstacles, gaps, and directions for further development was missing from the literature. This 
paper fills this gap and aims to encourage the marine scientific community to explore the contributions of 
this newly available information for the fields of chemical risk assessment, biomonitoring, and trophic 
transfer of metal contaminants. In the current “Anthropocene” epoch, metal contamination will continue to 
threaten marine aquatic ecosystems, and “non-traditional” isotopes can be a valuable tool to detect 
human-induced changes across time-space involving metal contaminants, and their interaction with 
marine biota. 
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Highlights 

► In the current “Anthropocene” epoch, trace metal contamination will threaten marine aquatic 
ecosystems. ► “Non-traditional” metal stable isotopes empower marine scientists to detect man-induced 
biogeochemical changes. ► They provide geochemical information about the sources and dispersion 
mechanisms of anthropogenic metals. ► They help understand bioaccumulation mechanisms, trophic 
transfers, and intracellular interactions. ► Marine scientific community can use this new isotope 
information for chemical risk assessment and biomonitoring. 
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1. “Non-traditional” isotopes and their applications for the anthropized marine environments  

The current Anthropocene epoch is characterized by humans' unprecedented exploitation of natural 

resources including metals, and consequently their release and ultimately the contamination of 

marine environments.
1–6

 The inputs of trace metal contaminants in previously pristine environments 

is of great concern because these elements can damage health of humans and biota, disturb 

ecosystems, and compromise economical marine resources (fish and shellfish, algae, etc.).
7–15

 

Indeed, metal impacts may be amplified by their links to other major nutrient cycles, climate 

change, and other anthropogenic stressors.
16–18

 

The advent of multi collector ICP-MS in the middle 1990’s, accompanied by improvements 

in field sampling, chemical purification, automatization increased throughput, and allowed access to 

several “new” metal isotope systems (e.g., Li, Mg, Ca, Ti, V, Cr, Fe, Ni, Cu, Zn, Sr, Ag, Cd, Sn, Pt, 

Hg).
19–25

 Still lacking  a rigorous definition, these new systems are commonly referred to as “non-

traditional” isotopes to distinguish them from both the non-metal (C, H, O, N and S) and radiogenic 

stable isotopes (Pb, Sm, Nd, Rb, Sr).
19–25

 The latter have been studied for more than half a 

century,
26–29

 and are routinely analyzed by isotope ratio mass spectrometry (IRMS) and thermal 

ionization mass spectrometry (TIMS), respectively.
25

  

The availability of this (new) isotope information in biogeochemical modeling  can help 

push the frontiers of knowledge on trace metal contaminants dynamics and their interactions 

with/within biota in the marine systems.
30

 In this short overview article, we show that these so-

called “non-traditional” metal stable isotopes can be used to obtain a more comprehensive view of 

metal contaminants in anthropized marine environments, covering (1) geochemically-oriented 

perspectives, focused on metal anthropogenic source apportionments across time and space 

combining natural archives and modern sampling devices; and (2) biology-flavored applications, 

linked to the bioaccumulation, trophic transfers and intracellular interactions of trace metal 

contaminants, up to  physiological effects. The overview over these two complementary 

frameworks intends to call the scientific community's attention to the potential power of these new 

isotope tools to provide more accurate chemical risk assessments, and to develop more effective 

public policies related to metal pollution. We also indicate the main obstacles and possible 

directions for disseminating their use for studying anthropized marine environments. 

 

2. A brief review about principles and nomenclatures 

Isotopes are nuclides with the same number of protons, and therefore, belonging to same element, 

but with different numbers of neutrons, hence having different atomic masses.
31

 The relative 

abundance of stable isotopes varies in nature because of isotope fractionation phenomena induced 



 

in biogeochemical processes among reactants and products, phases, molecules, or 

compartments.
19,22

 It results in an uneven distribution between light and heavy isotopes. This 

phenomenon is due to different chemical bond energies between isotopes of a certain element and a 

given ligand, and leads to a first-order linear correlation between isotope mass difference and 

isotope fractionation amplitude. Other processes like mass independent fractionation (MIF) 

processes occurring for instance in photochemical reactions (REF) may be observed for some metal 

isotope systems (e.g., Hg).
32–34

 Isotope variations originated in these mass-dependent and 

independent mechanisms differ from radiogenic isotope systems (e.g. U, Pb, Th), for which isotope 

variations result from radioactive disintegration of parental nuclides to form daughter isotopes.
35–37

 

As convention, isotope ratios are expressed as the ratio between the heavy isotope over the light one 

(Table 1).
22

 In general, the absolute ratio are rarely used for “non-traditional” isotope systems. 

Instead, they are typically reported as δ-values, which refer to the relative deviation of the isotope 

ratio of a given sample to an standard reference material (SRM), as follow:
22,38
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where 𝑅(
𝐸𝑖

𝐸
𝑗 )  refers to isotope abundance ratio of the isotopes i and j of a given element (E).  

  

3. “Non-traditional” metal stable isotope applied in biogeochemistry and ecotoxicology fields  

  

3.1 Anthropogenic source apportionments and metal contamination mapping    

Anthropogenic metallic materials, either the manufactured products themselves or their by-products, 

have isotope signatures inherited from the used raw materials and associated production processes 

(Fig. 1).
39–48

 They often differ from the isotope compositions of non-anthropized metals present in 

water and sediments, whose isotope distribution is dominantly governed by natural weathering 

processes and biological activity activities across along the air-land-sea continuum (Fig. 1).
49–57

 The 

distinction differences of isotope compositions between anthropogenic and naturally occurring metals 

enables is used to trace and quantify the portions of natural and anthropic sources by using mixing 

models (Fig. 2).
58–61

 Metal isotope profiles of dated sediment cores are useful to verify anthropogenic 

contamination evolution across time (Fig. 2),
62–67

 while surface sediments enable mapping the recent 

dispersion of metal contaminants.
59,68,69

 Combining isotope ratios and geostatistical interpolation 

methods to model isotope variations across large space and time scales in the so-called “isoscapes” 

has been long used for non-metal stable isotopes (C, H, O, S) and radiogenic systems (Sr) for 

environmental, ecological, archeological and forensic purposes.
70–73

 However, such applications 

remain rare for “non-traditional” isotopes probably due to expensive analytical costs and high time-



 

consuming sample preparation protocols.
74

 A first attempt using Fe isotopes and dust deposition 

sampled along North Atlantic Cruiser modeled anthropogenic Fe dispersion in the global ocean (Fig. 

2),
75,76

 opening the road for similar studies focused on metal contaminants transfers in atmospheric 

and ocean interface.
77

 While rapid improvements in the isotope characterization of sediment, 

seawater, and aerosols have occured,
78–83

 analyses of particle-sized fractions of anthropogenic 

materials (e.g., road dust) and sediments, including colloidal, remain exploratory in marine 

studies.
84,85

 Also, determining isotope compositions of specific labile metal speciation forms captured 

in in-situ sensors, such as in DGT (Diffusive Gradients in Thin-films) and PLM (Permeation Liquid 

membrane) is promising to study metal bioaccumulation by microorganisms and algae, even if  

potential artifacts associated with artificial isotope fractionation may hamper their use.
86

 Preliminary 

experiments in controlled conditions with natural waters demonstrated the feasibility of using Zn 

isotopes measured in DGT passive samplers.
86

 A subsequent DGT monitoring study proved  its 

effectiveness for discerning discontinuous anthropogenic input into river waters.
87

 In turn, controlled 

experimentations successfully applied the DMT (Donnan Membrane technique) to separate free and 

complexed metal ions bound to humic acids and estimate the isotope fractionation between these two 

species.
88,89

 The applicability in the marine environment remain untested.  

 

3.2 Marine biomonitoring anthropogenic inputs of metals  

There is a great interest in using metal isotope information in biomonitor organisms to evaluate metal 

contamination status, since they are believed to act as proxies for the marine environment where they 

live and are easier to sample and characterize chemically. Over the world, and during the last 5 

decades, bivalve mollusks have been used to establish geographical and temporal bioavailability 

tendencies of metals in the marine environment.
90–94

  The availability of stored samples in 

environmental sample banks was instrumental in starting biomonitoring applications of the new 

isotope systems (Zn, Cu, and Li) have used these sentinel organisms.
58,95–99

 Oysters record in their 

soft tissues the Zn isotope ratios of Zn bioaccumulated Zn from dissolved and particulate 

phases,
97,100,101

 making it ideal for quantifying anthropogenic Zn bioaccumulation over time (Fig. 

1).
58

 As for Cu in bivalves,
102

 the main difficulty is to verify the potential isotope fractionation during 

biological uptake and internal redistribution. It is believed that strong accumulators tend to have a 

low or insignificant isotope biological fractionation, because of their low excretion rates and hence, 

they tend to be more suitable for source tracking purposes.
103

 Hg isotope characterization in fish 

predators from European coasts distinguished populations and related local Hg contaminant 

sources.
104

 Alternative marine biomonitors of metal contaminants have yet to be explored.  

 

3.3 Unraveling metal contaminant bioaccumulation mechanisms and trophic transfer  

Dietary sources and metal speciation govern the entry of metals into marine organisms. From an 

ecological perspective, the trace metal accumulation pattern of a given metal at different trophic 



 

levels will determine its biomagnification or biodilution of trace metals within trophic webs, and its 

related trophic isotope fractionation.
105,106

 Constrains on Hg isotope fractionation factors involved in 

production and degradation of methylmercury (MeHg), the most toxic and bioamplified form of Hg, 

has allowed to use Hg isotopes to examine dietary sources and environmental controls on Hg 

speciation changes in MeHg in coastal marine systems.
32,33,106–109

 Zn isotopes have also been useful 

to ascertain trophic levels and spatial variability on Zn dietary of marine mammals (Fig. 3).
110–112

 

However, most “non-traditional” isotopes remain unexplored in marine ecology of lower trophic 

levels, in part, due to uncertainties related to the time required to animal tissue to equilibrated with 

the diet.
113  

  In an aquarium-based study, Li concentrations of mussel soft tissues increase as a function 

of water Li concentrations, but their Li isotope ratios (
7
Li/

6
Li) indicate a shift in their depuration 

mechanism above a certain concentration threshold.
114

 Also, wild oysters and mussels show a 

remarkable difference in Cu isotope fractionation pattern linked to inter-specific physiological 

features.
102

 Mussels display a particular enrichment in the heavy isotope due to homeostatic 

processes to regulate Cu at optimum concentrations (Fig. 3).
102

 However, oysters show no such 

enrichment. Conversely, laboratory experimentation investigating Cd isotope fractionation at water-

sediment interface demonstrated to be helpful to elucidate bioaccumulation routes (dissolved vs. 

particulate) in freshwater benthonic organisms.
115

 Such approaches may help to characterize metal 

transfer from contamination sources, e.g., from legacies often found in benthic and sedimentary 

coastal systems.  

Plankton does incorporates bioavailable trace metals in seawater and, being at the base of 

marine food chains, is an “inlet valve” for metal contaminants in upper marine trophic levels.
32,116–119

 

Anthropogenic metals are often under highly bioavailable forms that may imprint their specific 

isotope compositions into plankton. This can be used to trace the entry and propagation of metal 

contaminants through trophic levels.
77,120

 Unfortunately, there is a lack of isotope studies in plankton 

samples collected in actual marine systems
121

 and only few Hg,
122

  Fe
123,124

 and Zn
120

 isotope 

experimentations in controlled conditions using specific culture species are available at present. 

Overall, these studies have demonstrated that the extent of the isotope fractionation in plankton 

uptake seems related to both the nature of the metal ligands, and to the specific strategy mechanisms 

(diffusion or complexation) involved in the transfer of metal ions from aqueous medium into living 

cells.
120

 Hg isotope fractionation in phytoplankton of the euphotic zone of open ocean has given 

evidences of its own role in MeHg degradation in euphotic zone of open ocean.
122

   

 

3.4 Metal isotope as biomarkers of physiological responses to metal contamination stress 

Nearing the cellular level, cells regulate and activate tolerance mechanisms to maintain trace metal 

nutrients at optimum concentrations (homeostasis). They use organic ligands for uptake, storage and 

excretion of these metals, which may enhance their isotope fractionation.
125

 The changes in the 



 

patterns and magnitude of metal isotope fractionation in and by biological tissues as a response to 

metal level stress conditions can be used as biomarkers of metabolic disfunctions.
69,74

 These 

innovative isotope biomarkers have been promising in botanic,
126

 veterinary
127

 and medical
74,128–132

 

applications for cancer and degenerative diseases.
132–134

 Once transposed to the field of marine 

ecotoxicology, these similar approaches could verify if possible changes in isotope patterns of tissues 

or fluids (e.g., blood) can indicate the physiological status of marine organisms. It would be expected 

that organisms’ molecular responses to metal contamination, and causing disturbances on proteins 

and biomolecules network, DNA damages, or lipidic peroxidation, may induce a detectable isotope 

fractionation.
128

 The production of reactive oxygen species (ROS) is one of the major mechanisms 

responsible for metal-induced toxicity.
135

 These species may affect metal speciation in the inner cells 

of redox-sensitive trace metals and induce isotope fractionation that could be detected and used to 

pinpoint metal contamination as  the source of the metabolic disturbances and environmental 

stress.
128,136

 The quantitative tracking of metals in organisms may bring new light that could bridge 

an understanding between geochemists, familiarized with isotope applications, with ecotoxicologists 

familiar with physiology. In turn, ecotoxicologists can take advantage of common analytical 

techniques, sample preparation and theoretical isotope principles already developed in the medical 

research.  

 

4. Perspectives and recommendations for future research  

In the current Anthropocene epoch, metal contamination will likely continue to threaten the 

functioning of marine aquatic ecosystems. Here, we reviewed briefly diverse applications and 

recent advances of the “non-traditional” isotopes, and we showed how they can empower marine 

scientists to detect biogeochemical changes across time and space, and to investigate metal 

contaminant interactions with marine biota. Such applications are still in their early stages, and their 

growth still require improvements over the current state-of-the-art, in particular:  

 To reduce analytical costs and high time-consuming sample preparation protocols by 

development of new analytical protocols, ideally greener (e.g., reagent consumption) and 

operating at higher throughput using e.g., automation;
137

  

 To target particle fractions (according to their size, composition, origin etc…), including 

colloidal, for improving traceability of metal contaminants in aquatic systems and metal 

incorporation in organisms;  to conduct laboratory experimentation to test integrating 

samplers’ (e.g., DGT, PLM) suitability for isotope analysis; certainly, investigation of 

potential isotope bias related to filtration or accumulation of diffusive gradients remains 

necessary.
138,139

   



 

 To extended biomonitoring concept to other sessile and mobile organisms (fishes, corals, 

benthos-dwellers) using e.g., multi-isotope fingerprinting would improve source metal 

discrimination;   

 To quantify experimentally animal tissue isotopic turnover rate or isotopic half-life — up to 

now few studies have addressed this question;.
119,140

 

 To constrain organotropism and related isotope fractionation; — since most studies concern 

only the Hg isotope systems;
68,141

  

 To improve sampling and analytical protocols for planktonic trace metal analysis and their 

bioaccumulation mechanisms to reveal mechanisms of entry of metal contaminants in the 

base of trophic foow webs; 

 To conduct ecotoxicology experiments using isotope metal cocktails to trace the genesis of 

biomarkers of their toxicity; 

 To investigate the interactions between metal contaminant isotopes and new anthropogenic 

entities, such as micro-and nano-plastic particles
142

 and other engineered nanomaterials.
143–

145
 

 

The expansion of applications using these isotope tools will undoubtedly benefit from the 

cooperation of scientists and of institutions involved in the study of marine pollution.  

 

 References  

(1)  de Souza Machado, A. A.; Spencer, K.; Kloas, W.; Toffolon, M.; Zarfl, C. Metal Fate and Effects 

in Estuaries: A Review and Conceptual Model for Better Understanding of Toxicity. Science of the 

Total Environment. 2016. https://doi.org/10.1016/j.scitotenv.2015.09.045. 

(2)  Barletta, M.; Lima, A. R. A.; Costa, M. F. Distribution, Sources and Consequences of Nutrients, 

Persistent Organic Pollutants, Metals and Microplastics in South American Estuaries. Science of 

The Total Environment 2019, 651, 1199–1218. https://doi.org/10.1016/j.scitotenv.2018.09.276. 

(3)  Du Laing, G.; Rinklebe, J.; Vandecasteele, B.; Meers, E.; Tack, F. M. G. Trace Metal Behaviour in 

Estuarine and Riverine Floodplain Soils and Sediments: A Review. Science of The Total 

Environment 2009, 407 (13), 3972–3985. https://doi.org/10.1016/j.scitotenv.2008.07.025. 

(4)  Araújo, D. F.; Boaventura, G. R.; Machado, W.; Viers, J.; Weiss, D.; Patchineelam, S. R.; Ruiz, I.; 

Rodrigues, A. P. C.; Babinski, M.; Dantas, E. Tracing of Anthropogenic Zinc Sources in Coastal 

Environments Using Stable Isotope Composition. Chemical Geology 2017, 449, 226–235. 

https://doi.org/10.1016/j.chemgeo.2016.12.004. 

(5)  Alves, T. M.; Kokinou, E.; Ekström, M.; Nikolaidis, A.; Georgiou, G. C.; Miliou, A. Scientific, 

Societal and Pedagogical Approaches to Tackle the Impact of Climate Change on Marine 

Pollution. Sci Rep 2021, 11 (1), 2927. https://doi.org/10.1038/s41598-021-82421-y. 

(6)  The Anthropocene as a Geological Time Unit: A Guide to the Scientific Evidence and Current 

Debate; Zalasiewicz, J. A., Ed.; Cambridge University Press: Cambridge, 2018. 

(7)  Jonathan, M. P.; Muñoz-Sevilla, N. P.; Góngora-Gómez, A. M.; Luna Varela, R. G.; Sujitha, S. B.; 

Escobedo-Urías, D. C.; Rodríguez-Espinosa, P. F.; Campos Villegas, L. E. Bioaccumulation of 

Trace Metals in Farmed Pacific Oysters Crassostrea Gigas from SW Gulf of California Coast, 

Mexico. Chemosphere 2017, 187, 311–319. https://doi.org/10.1016/j.chemosphere.2017.08.098. 

(8)  Sánchez-Quiles, D.; Marbà, N.; Tovar-Sánchez, A. Trace Metal Accumulation in Marine 

Macrophytes: Hotspots of Coastal Contamination Worldwide. Science of The Total Environment 

2017, 576, 520–527. https://doi.org/10.1016/j.scitotenv.2016.10.144. 



 

(9)  Govers, L. L.; Lamers, L. P. M.; Bouma, T. J.; Eygensteyn, J.; de Brouwer, J. H. F.; Hendriks, A. 

J.; Huijbers, C. M.; van Katwijk, M. M. Seagrasses as Indicators for Coastal Trace Metal 

Pollution: A Global Meta-Analysis Serving as a Benchmark, and a Caribbean Case Study. 

Environmental Pollution 2014, 195, 210–217. https://doi.org/10.1016/j.envpol.2014.08.028. 

(10)  Stewart, B. D.; Jenkins, S. R.; Boig, C.; Sinfield, C.; Kennington, K.; Brand, A. R.; Lart, W.; 

Kröger, R. Metal Pollution as a Potential Threat to Shell Strength and Survival in Marine Bivalves. 

Science of The Total Environment 2021, 755, 143019. 

https://doi.org/10.1016/j.scitotenv.2020.143019. 

(11)  Miao, X.; Hao, Y.; Liu, H.; Xie, Z.; Miao, D.; He, X. Effects of Heavy Metals Speciations in 

Sediments on Their Bioaccumulation in Wild Fish in Rivers in Liuzhou—A Typical Karst 

Catchment in Southwest China. Ecotoxicology and Environmental Safety 2021, 214, 112099. 

https://doi.org/10.1016/j.ecoenv.2021.112099. 

(12)  Albuquerque, F. E. A.; Minervino, A. H. H.; Miranda, M.; Herrero-Latorre, C.; Barrêto Júnior, R. 

A.; Oliveira, F. L. C.; Sucupira, M. C. A.; Ortolani, E. L.; López-Alonso, M. Toxic and Essential 

Trace Element Concentrations in Fish Species in the Lower Amazon, Brazil. Science of The Total 

Environment 2020, 732, 138983. https://doi.org/10.1016/j.scitotenv.2020.138983. 

(13)  Kortei, N. K.; Heymann, M. E.; Essuman, E. K.; Kpodo, F. M.; Akonor, P. T.; Lokpo, S. Y.; 

Boadi, N. O.; Ayim-Akonor, M.; Tettey, C. Health Risk Assessment and Levels of Toxic Metals in 

Fishes (Oreochromis Noliticus and Clarias Anguillaris) from Ankobrah and Pra Basins: Impact of 

Illegal Mining Activities on Food Safety. Toxicology Reports 2020, 7, 360–369. 

https://doi.org/10.1016/j.toxrep.2020.02.011. 

(14)  Sussarellu, R.; Lebreton, M.; Rouxel, J.; Akcha, F.; Rivière, G. Copper Induces Expression and 

Methylation Changes of Early Development Genes in Crassostrea Gigas Embryos. Aquatic 

Toxicology 2018, 196, 70–78. https://doi.org/10.1016/j.aquatox.2018.01.001. 

(15)  Weng, N.; Wang, W.-X. Reproductive Responses and Detoxification of Estuarine Oyster 

Crassostrea Hongkongensis under Metal Stress: A Seasonal Study. Environ. Sci. Technol. 2015, 49 

(5), 3119–3127. https://doi.org/10.1021/es505486v. 

(16)  Jarsjö, J.; Andersson-Sköld, Y.; Fröberg, M.; Pietroń, J.; Borgström, R.; Löv, Å.; Kleja, D. B. 

Projecting Impacts of Climate Change on Metal Mobilization at Contaminated Sites: Controls by 

the Groundwater Level. Science of The Total Environment 2020, 712, 135560. 

https://doi.org/10.1016/j.scitotenv.2019.135560. 

(17)  Lu, Y.; Yuan, J.; Lu, X.; Su, C.; Zhang, Y.; Wang, C.; Cao, X.; Li, Q.; Su, J.; Ittekkot, V.; Garbutt, 

R. A.; Bush, S.; Fletcher, S.; Wagey, T.; Kachur, A.; Sweijd, N. Major Threats of Pollution and 

Climate Change to Global Coastal Ecosystems and Enhanced Management for Sustainability. 

Environmental Pollution 2018, 239, 670–680. https://doi.org/10.1016/j.envpol.2018.04.016. 

(18)  Frogner-Kockum, P.; Göransson, G.; Haeger-Eugensson, M. Impact of Climate Change on Metal 

and Suspended Sediment Concentrations in Urban Waters. Frontiers in Environmental Science 

2020, 8, 269. https://doi.org/10.3389/fenvs.2020.588335. 

(19)  Wiederhold, J. G. Metal Stable Isotope Signatures as Tracers in Environmental Geochemistry. 

Environ. Sci. Technol. 2015, 49 (5), 2606–2624. https://doi.org/10.1021/es504683e. 

(20)  Lu, D.; Zhang, T.; Yang, X.; Su, P.; Liu, Q.; Jiang, G. Recent Advances in the Analysis of Non-

Traditional Stable Isotopes by Multi-Collector Inductively Coupled Plasma Mass Spectrometry. J. 

Anal. At. Spectrom. 2017, 32 (10), 1848–1861. https://doi.org/10.1039/C7JA00260B. 

(21)  Weiss, D. J.; Rehkdmper, M.; Schoenberg, R.; McLaughlin, M.; Kirby, J.; Campbell, P. G. C.; 

Arnold, T.; Chapman, J.; Peel, K.; Gioia,  and S. Application of Nontraditional Stable-Isotope 

Systems to the Study of Sources and Fate of Metals in the Environment. Environ. Sci. Technol. 

2008, 42 (3), 655–664. https://doi.org/10.1021/es0870855. 

(22)  Teng, F.-Z.; Dauphas, N.; Watkins, J. M. Non-Traditional Stable Isotopes: Retrospective and 

Prospective. Reviews in Mineralogy and Geochemistry 2017, 82 (1), 1–26. 

https://doi.org/10.2138/rmg.2017.82.1. 

(23)  Geochemistry of Non-Traditional Stable Isotopes; Johnson, C. M., Beard, B. L., Albarède, F., 

Eds.; De Gruyter, 2004. https://doi.org/10.1515/9781501509360. 

(24)  Jaouen, K.; Pons, M.-L. Potential of Non-Traditional Isotope Studies for Bioarchaeology. 

Archaeol Anthropol Sci 2017, 9 (7), 1389–1404. https://doi.org/10.1007/s12520-016-0426-9. 

(25)  Irrgeher, J.; Prohaska, T. Application of Non-Traditional Stable Isotopes in Analytical 

Ecogeochemistry Assessed by MC ICP-MS - A Critical Review. Analytical and Bioanalytical 

Chemistry 2015. https://doi.org/10.1007/s00216-015-9025-3. 

(26)  Faure, G. Principles of Isotope Geology, 2nd ed.; Wiley: New York, 1986. 

(27)  Dickin, A. P. Radiogenic Isotope Geology, Third edition.; Cambridge University Press: Cambridge 

New York, NY Melbourne New Delhi Singapore, 2018. 



 

(28)  Fry, B. Stable Isotope Ecology; Springer: New York, 2006. 

(29)  Glibert, P. M.; Middelburg, J. J.; McClelland, J. W.; Jake Vander Zanden, M. Stable Isotope 

Tracers: Enriching Our Perspectives and Questions on Sources, Fates, Rates, and Pathways of 

Major Elements in Aquatic Systems. Limnology and Oceanography 2019, 64 (3), 950–981. 

https://doi.org/10.1002/lno.11087. 

(30)  Slaveykova, V. I. Biogeochemical Dynamics Research in the Anthropocene. Front. Environ. Sci. 

2019, 7. https://doi.org/10.3389/fenvs.2019.00090. 

(31)  Hoefs, J. Stable Isotope Geochemistry; Springer Textbooks in Earth Sciences, Geography and 

Environment; Springer International Publishing: Cham, 2021. https://doi.org/10.1007/978-3-030-

77692-3. 

(32)  Tsui, M. T.-K.; Blum, J. D.; Kwon, S. Y. Review of Stable Mercury Isotopes in Ecology and 

Biogeochemistry. Science of The Total Environment 2020, 716, 135386. 

https://doi.org/10.1016/j.scitotenv.2019.135386. 

(33)  Meng, M.; Sun, R.; Liu, H.; Yu, B.; Yin, Y.; Hu, L.; Chen, J.; Shi, J.; Jiang, G. Mercury Isotope 

Variations within the Marine Food Web of Chinese Bohai Sea: Implications for Mercury Sources 

and Biogeochemical Cycling. Journal of Hazardous Materials 2020, 384, 121379. 

https://doi.org/10.1016/j.jhazmat.2019.121379. 

(34)  Reinfelder, J. R.; Janssen, S. E. Tracking Legacy Mercury in the Hackensack River Estuary Using 

Mercury Stable Isotopes. Journal of Hazardous Materials 2019, 375, 121–129. 

https://doi.org/10.1016/j.jhazmat.2019.04.074. 

(35)  Allègre, C. J. Isotope Geology; Cambridge University Press: Cambridge, UK ; New York, 2008. 

(36)  White, W. M. Isotope Geochemistry; Wiley Blackwell: Chichester, West Sussex, 2015. 

(37)  BOYLE, E. A.; LEE, J.-M.; ECHEGOYEN, Y.; NOBLE, A.; MOOS, S.; CARRASCO, G.; 

ZHAO, N.; KAYSER, R.; ZHANG, J.; GAMO, T.; OBATA, H.; NORISUYE, K. Anthropogenic 

Lead Emissions in the Ocean: The Evolving Global Experiment. Oceanography 2014, 27 (1), 69–

75. 

(38)  Brand, W. A.; Coplen, T. B.; Vogl, J.; Rosner, M.; Prohaska, T. Assessment of International 

Reference Materials for Isotope-Ratio Analysis (IUPAC Technical Report). Pure and Applied 

Chemistry 2014, 86 (3), 425–467. https://doi.org/10.1515/pac-2013-1023. 

(39)  Sun, R.; Heimbürger, L.-E.; Sonke, J. E.; Liu, G.; Amouroux, D.; Berail, S. Mercury Stable 

Isotope Fractionation in Six Utility Boilers of Two Large Coal-Fired Power Plants. Chemical 

Geology 2013, 336, 103–111. https://doi.org/10.1016/j.chemgeo.2012.10.055. 

(40)  Zhong, Q.; Yin, M.; Zhang, Q.; Beiyuan, J.; Liu, J.; Yang, X.; Wang, J.; Wang, L.; Jiang, Y.; Xiao, 

T.; Zhang, Z. Cadmium Isotopic Fractionation in Lead-Zinc Smelting Process and Signatures in 

Fluvial Sediments. Journal of Hazardous Materials 2021, 411, 125015. 

https://doi.org/10.1016/j.jhazmat.2020.125015. 

(41)  Shiel, A. E.; Weis, D.; Orians, K. J. Evaluation of Zinc, Cadmium and Lead Isotope Fractionation 

during Smelting and Refining. Science of The Total Environment 2010, 408 (11), 2357–2368. 

https://doi.org/10.1016/j.scitotenv.2010.02.016. 

(42)  Gonzalez, R.; Weiss, D. Zinc Isotope Variability in Three Coal-Fired Power Plants: A Predictive 

Model for Determining Isotopic Fractionation during Combustion. Environ. Sci. Technol. 2015, 49 

(20), 12560–12567. https://doi.org/10.1021/acs.est.5b02402. 

(43)  Brocza, F. M.; Biester, H.; Richard, J.-H.; Kraemer, S. M.; Wiederhold, J. G. Mercury Isotope 

Fractionation in the Subsurface of a Hg(II) Chloride-Contaminated Industrial Legacy Site. 

Environ. Sci. Technol. 2019, 53 (13), 7296–7305. https://doi.org/10.1021/acs.est.9b00619. 

(44)  Sun, R. Mercury Stable Isotope Fractionation During Coal Combustion in Coal-Fired Boilers: 

Reconciling Atmospheric Hg Isotope Observations with Hg Isotope Fractionation Theory. Bull 

Environ Contam Toxicol 2019, 102 (5), 657–664. https://doi.org/10.1007/s00128-018-2531-1. 

(45)  Tang, S.; Feng, C.; Feng, X.; Zhu, J.; Sun, R.; Fan, H.; Wang, L.; Li, R.; Mao, T.; Zhou, T. Stable 

Isotope Composition of Mercury Forms in Flue Gases from a Typical Coal-Fired Power Plant, 

Inner Mongolia, Northern China. Journal of Hazardous Materials 2017, 328, 90–97. 

https://doi.org/10.1016/j.jhazmat.2017.01.014. 

(46)  Fu, B.; Sun, R.; Yao, H.; Hower, J. C.; Yuan, J.; Luo, G.; Hu, H.; Mardon, S. M.; Tang, Q. 

Mercury Stable Isotope Fractionation during Gaseous Elemental Mercury Adsorption onto Coal 

Fly Ash Particles: Experimental and Field Observations. Journal of Hazardous Materials 2021, 

405, 124280. https://doi.org/10.1016/j.jhazmat.2020.124280. 

(47)  Martinková, E.; Chrastný, V.; Francová, M.; Šípková, A.; Čuřík, J.; Myška, O.; Mižič, L. 

Cadmium Isotope Fractionation of Materials Derived from Various Industrial Processes. Journal 

of Hazardous Materials 2016, 302, 114–119. https://doi.org/10.1016/j.jhazmat.2015.09.039. 



 

(48)  Liu, J.; Yin, M.; Xiao, T.; Zhang, C.; Tsang, D. C. W.; Bao, Z.; Zhou, Y.; Chen, Y.; Luo, X.; 

Yuan, W.; Wang, J. Thallium Isotopic Fractionation in Industrial Process of Pyrite Smelting and 

Environmental Implications. Journal of Hazardous Materials 2020, 384, 121378. 

https://doi.org/10.1016/j.jhazmat.2019.121378. 

(49)  Desaulty, A.-M.; Petelet-Giraud, E. Zinc Isotope Composition as a Tool for Tracing Sources and 

Fate of Metal Contaminants in Rivers. Science of The Total Environment 2020, 728, 138599. 

https://doi.org/10.1016/j.scitotenv.2020.138599. 

(50)  Vance, D.; Matthews, A.; Keech, A.; Archer, C.; Hudson, G.; Pett-Ridge, J.; Chadwick, O. A. The 

Behaviour of Cu and Zn Isotopes during Soil Development: Controls on the Dissolved Load of 

Rivers. Chemical Geology 2016, 445, 36–53. https://doi.org/10.1016/j.chemgeo.2016.06.002. 

(51)  Caldelas, C.; Weiss, D. J. Zinc Homeostasis and Isotopic Fractionation in Plants: A Review. Plant 

Soil 2017, 411 (1–2), 17–46. https://doi.org/10.1007/s11104-016-3146-0. 

(52)  Little, S. H.; Vance, D.; McManus, J.; Severmann, S. Key Role of Continental Margin Sediments 

in the Oceanic Mass Balance of Zn and Zn Isotopes. Geology 2016, 44 (3), 207–210. 

https://doi.org/10.1130/G37493.1. 

(53)  Guinoiseau, D.; Bouchez, J.; Gélabert, A.; Louvat, P.; Moreira-Turcq, P.; Filizola, N.; Benedetti, 

M. F. Fate of Particulate Copper and Zinc Isotopes at the Solimões-Negro River Confluence, 

Amazon Basin, Brazil. Chemical Geology 2018, 489, 1–15. 

https://doi.org/10.1016/j.chemgeo.2018.05.004. 

(54)  Mulholland, D. S.; Poitrasson, F.; Boaventura, G. R.; Allard, T.; Vieira, L. C.; Santos, R. V.; 

Mancini, L.; Seyler, P. Insights into Iron Sources and Pathways in the Amazon River Provided by 

Isotopic and Spectroscopic Studies. Geochimica et Cosmochimica Acta 2015, 150, 142–159. 

https://doi.org/10.1016/j.gca.2014.12.004. 

(55)  Horner, T. J.; Little, S. H.; Conway, T. M.; Farmer, J. R.; Hertzberg, J. E.; Janssen, D. J.; Lough, 

A. J. M.; McKay, J.; Tessin, A.; Galer, S. J. G.; Jaccard, S. L.; Lacan, F.; Paytan, A.; Wuttig, K.; 

Members, G.-P. B. P. W. G. Bioactive Trace Metals and Their Isotopes as Paleoproductivity 

Proxies: An Assessment Using GEOTRACES-Era Data. Global Biogeochemical Cycles n/a (n/a), 

e2020GB006814. https://doi.org/10.1029/2020GB006814. 

(56)  Huh, Y.; Chan, L.-H.; Zhang, L.; Edmond, J. M. Lithium and Its Isotopes in Major World Rivers: 

Implications for Weathering and the Oceanic Budget. Geochimica et Cosmochimica Acta 1998, 62 

(12), 2039–2051. https://doi.org/10.1016/S0016-7037(98)00126-4. 

(57)  Jeong, H. Toxic Metal Concentrations and Cu–Zn–Pb Isotopic Compositions in Tires. Journal of 

Analytical Science and Technology 2022, 13 (1), 2. https://doi.org/10.1186/s40543-021-00312-3. 

(58)  Araújo, D. F.; Ponzevera, E.; Weiss, D. J.; Knoery, J.; Briant, N.; Yepez, S.; Bruzac, S.; Sireau, T.; 

Brach-Papa, C. Application of Zn Isotope Compositions in Oysters to Monitor and Quantify 

Anthropogenic Zn Bioaccumulation in Marine Environments over Four Decades: A “Mussel 

Watch Program” Upgrade. ACS EST Water 2021. https://doi.org/10.1021/acsestwater.1c00010. 

(59)  Araújo, D. F.; Ponzevera, E.; Briant, N.; Knoery, J.; Bruzac, S.; Sireau, T.; Brach-Papa, C. Copper, 

Zinc and Lead Isotope Signatures of Sediments from a Mediterranean Coastal Bay Impacted by 

Naval Activities and Urban Sources. Applied Geochemistry 2019, 111, 104440. 

https://doi.org/10.1016/j.apgeochem.2019.104440. 

(60)  Choi, H.-B.; Ryu, J.-S.; Shin, W.-J.; Vigier, N. The Impact of Anthropogenic Inputs on Lithium 

Content in River and Tap Water. Nat Commun 2019, 10 (1), 5371. https://doi.org/10.1038/s41467-

019-13376-y. 

(61)  Wang, L.; Jin, Y.; Weiss, D. J.; Schleicher, N. J.; Wilcke, W.; Wu, L.; Guo, Q.; Chen, J.; 

O’Connor, D.; Hou, D. Possible Application of Stable Isotope Compositions for the Identification 

of Metal Sources in Soil. Journal of Hazardous Materials 2021, 407, 124812. 

https://doi.org/10.1016/j.jhazmat.2020.124812. 

(62)  Thapalia, A.; Borrok, D. M.; Van Metre, P. C.; Wilson, J. Zinc Isotopic Signatures in Eight Lake 

Sediment Cores from Across the United States. Environ. Sci. Technol. 2015, 49 (1), 132–140. 

https://doi.org/10.1021/es5036893. 

(63)  Araújo, D. F.; Ponzevera, E.; Briant, N.; Knoery, J.; Sireau, T.; Mojtahid, M.; Metzger, E.; Brach-

Papa, C. Assessment of the Metal Contamination Evolution in the Loire Estuary Using Cu and Zn 

Stable Isotopes and Geochemical Data in Sediments. Marine Pollution Bulletin 2019, 143, 12–23. 

https://doi.org/10.1016/j.marpolbul.2019.04.034. 

(64)  Nitzsche, K. N.; Yoshimura, T.; Ishikawa, N. F.; Ogawa, N. O.; Suzuki, K.; Ohkouchi, N. Trace 

Metal Geochemical and Zn Stable Isotope Data as Tracers for Anthropogenic Metal Contributions 

in a Sediment Core from Lake Biwa, Japan. Applied Geochemistry 2021, 134, 105107. 

https://doi.org/10.1016/j.apgeochem.2021.105107. 



 

(65)  Yin, R.; Lepak, R. F.; Krabbenhoft, D. P.; Hurley, J. P. Sedimentary Records of Mercury Stable 

Isotopes in Lake Michigan. Elementa: Science of the Anthropocene 2016, 4, 000086. 

https://doi.org/10.12952/journal.elementa.000086. 

(66)  Thapalia, A.; Borrok, D. M.; Van Metre, P. C.; Musgrove, M.; Landa, E. R. Zn and Cu Isotopes as 

Tracers of Anthropogenic Contamination in a Sediment Core from an Urban Lake. Environ. Sci. 

Technol. 2010, 44 (5), 1544–1550. https://doi.org/10.1021/es902933y. 

(67)  Bonsignore, M.; Manta, D. S.; Barsanti, M.; Conte, F.; Delbono, I.; Horvat, M.; Quinci, E. M.; 

Schirone, A.; Shlyapnikov, Y.; Sprovieri, M. Mercury Isotope Signatures in Sediments and Marine 

Organisms as Tracers of Historical Industrial Pollution. Chemosphere 2020, 258, 127435. 

https://doi.org/10.1016/j.chemosphere.2020.127435. 

(68)  Zhang, R.; Russell, J.; Xiao, X.; Zhang, F.; Li, T.; Liu, Z.; Guan, M.; Han, Q.; Shen, L.; Shu, Y. 

Historical Records, Distributions and Sources of Mercury and Zinc in Sediments of East China 

Sea: Implication from Stable Isotopic Compositions. Chemosphere 2018, 205, 698–708. 

https://doi.org/10.1016/j.chemosphere.2018.04.100. 

(69)  Araújo, D. F.; Machado, W.; Weiss, D.; Mulholland, D. S.; Garnier, J.; Souto-Oliveira, C. E.; 

Babinski, M. Zinc Isotopes as Tracers of Anthropogenic Sources and Biogeochemical Processes in 

Contaminated Mangroves. Applied Geochemistry 2018, 95, 25–32. 

https://doi.org/10.1016/j.apgeochem.2018.05.008. 

(70)  Isoscapes: Understanding Movement, Pattern, and Process on Earth through Isotope Mapping; 

West, J. B., Ed.; Springer: Dordrecht ; New York, 2010. 

(71)  Willmes, M.; Bataille, C. P.; James, H. F.; Moffat, I.; McMorrow, L.; Kinsley, L.; Armstrong, R. 

A.; Eggins, S.; Grün, R. Mapping of Bioavailable Strontium Isotope Ratios in France for 

Archaeological Provenance Studies. Applied Geochemistry 2018, 90, 75–86. 

https://doi.org/10.1016/j.apgeochem.2017.12.025. 

(72)  Koehler, G.; Kardynal, K. J.; Hobson, K. A. Geographical Assignment of Polar Bears Using 

Multi-Element Isoscapes. Sci Rep 2019, 9 (1), 9390. https://doi.org/10.1038/s41598-019-45874-w. 

(73)  Pellegrini, M.; Pouncett, J.; Jay, M.; Pearson, M. P.; Richards, M. P. Tooth Enamel Oxygen 

“Isoscapes” Show a High Degree of Human Mobility in Prehistoric Britain. Sci Rep 2016, 6 (1), 

34986. https://doi.org/10.1038/srep34986. 

(74)  Mahan, B.; Chung, R. S.; Pountney, D. L.; Moynier, F.; Turner, S. Isotope Metallomics 

Approaches for Medical Research. Cell. Mol. Life Sci. 2020, 77 (17), 3293–3309. 

https://doi.org/10.1007/s00018-020-03484-0. 

(75)  Conway, T. M.; Hamilton, D. S.; Shelley, R. U.; Aguilar-Islas, A. M.; Landing, W. M.; Mahowald, 

N. M.; John, S. G. Tracing and Constraining Anthropogenic Aerosol Iron Fluxes to the North 

Atlantic Ocean Using Iron Isotopes. Nature Communications 2019, 10 (1), 2628. 

https://doi.org/10.1038/s41467-019-10457-w. 

(76)  Pinedo-González, P.; Hawco, N. J.; Bundy, R. M.; Armbrust, E. V.; Follows, M. J.; Cael, B. B.; 

White, A. E.; Ferrón, S.; Karl, D. M.; John, S. G. Anthropogenic Asian Aerosols Provide Fe to the 

North Pacific Ocean. PNAS 2020, 117 (45), 27862–27868. 

https://doi.org/10.1073/pnas.2010315117. 

(77)  Lemaitre, N.; de Souza, G. F.; Archer, C.; Wang, R.-M.; Planquette, H.; Sarthou, G.; Vance, D. 

Pervasive Sources of Isotopically Light Zinc in the North Atlantic Ocean. Earth and Planetary 

Science Letters 2020, 539, 116216. https://doi.org/10.1016/j.epsl.2020.116216. 

(78)  Rosca, C.; Schoenberg, R.; Tomlinson, E. L.; Kamber, B. S. Combined Zinc-Lead Isotope and 

Trace-Metal Assessment of Recent Atmospheric Pollution Sources Recorded in Irish Peatlands. 

Science of The Total Environment 2019, 658, 234–249. 

https://doi.org/10.1016/j.scitotenv.2018.12.049. 

(79)  Yang, S.-C.; Hawco, N. J.; Pinedo-Gonzalez, P.; Bian, X.; Huang, K.-F.; Zhang, R.; John, S. G. A 

New Purification Method for Ni and Cu Stable Isotopes in Seawater Provides Evidence for 

Widespread Ni Isotope Fractionation by Phytoplankton in the North Pacific. Chem. Geol. 2020, 

547, 119662. https://doi.org/10.1016/j.chemgeo.2020.119662. 

(80)  Takano, S.; Tanimizu, M.; Hirata, T.; Shin, K.-C.; Fukami, Y.; Suzuki, K.; Sohrin, Y. A Simple 

and Rapid Method for Isotopic Analysis of Nickel, Copper, and Zinc in Seawater Using Chelating 

Extraction and Anion Exchange. Analytica Chimica Acta 2017, 967, 1–11. 

https://doi.org/10.1016/j.aca.2017.03.010. 

(81)  Souto-Oliveira, C. E.; Babinski, M.; Araújo, D. F.; Weiss, D. J.; Ruiz, I. R. Multi-Isotope 

Approach of Pb, Cu and Zn in Urban Aerosols and Anthropogenic Sources Improves Tracing of 

the Atmospheric Pollutant Sources in Megacities. Atmospheric Environment 2019, 198, 427–437. 

https://doi.org/10.1016/j.atmosenv.2018.11.007. 



 

(82)  Yang, T.; Chen, Y.; Zhou, S.; Li, H. Impacts of Aerosol Copper on Marine Phytoplankton: A 

Review. Atmosphere 2019, 10 (7), 414. https://doi.org/10.3390/atmos10070414. 

(83)  Amet, Q.; Fitoussi, C. Chemical Procedure for Zn Purification and Double Spike Method for High 

Precision Measurement of Zn Isotopes by MC-ICPMS. International Journal of Mass 

Spectrometry 2020, 457, 116413. https://doi.org/10.1016/j.ijms.2020.116413. 

(84)  Jeong, H.; Choi, J. Y.; Lim, J.; Shim, W. J.; Kim, Y. O.; Ra, K. Characterization of the 

Contribution of Road Deposited Sediments to the Contamination of the Close Marine Environment 

with Trace Metals: Case of the Port City of Busan (South Korea). Marine Pollution Bulletin 2020, 

161, 111717. https://doi.org/10.1016/j.marpolbul.2020.111717. 

(85)  Jeong, H.; Ra, K. Multi-Isotope Signatures (Cu, Zn, Pb) of Different Particle Sizes in Road-

Deposited Sediments: A Case Study from Industrial Area. Journal of Analytical Science and 

Technology 2021, 12 (1), 39. https://doi.org/10.1186/s40543-021-00292-4. 

(86)  Desaulty, A.-M.; Méheut, M.; Guerrot, C.; Berho, C.; Millot, R. Coupling DGT Passive Samplers 

and Multi-Collector ICP-MS: A New Tool to Measure Pb and Zn Isotopes Composition in Dilute 

Aqueous Solutions. Chemical Geology 2017, 450, 122–134. 

https://doi.org/10.1016/j.chemgeo.2016.12.023. 

(87)  Desaulty, A.-M.; Perret, S.; Maubec, N.; Négrel, P. Tracking Anthropogenic Sources in a Small 

Catchment Using Zn-Isotope Signatures. Applied Geochemistry 2020, 123, 104788. 

https://doi.org/10.1016/j.apgeochem.2020.104788. 

(88)  Jouvin, D.; Louvat, P.; Juillot, F.; Maréchal, C. N.; Benedetti, M. F. Zinc Isotopic Fractionation: 

Why Organic Matters. Environ. Sci. Technol. 2009, 43 (15), 5747–5754. 

https://doi.org/10.1021/es803012e. 

(89)  Zelano, I. O.; Cloquet, C.; Fraysse, F.; Dong, S.; Janot, N.; Echevarria, G.; Montargès-Pelletier, E. 

The Influence of Organic Complexation on Ni Isotopic Fractionation and Ni Recycling in the 

Upper Soil Layers. Chemical Geology 2018, 483, 47–55. 

https://doi.org/10.1016/j.chemgeo.2018.02.023. 

(90)  Goldberg, E. D. The Mussel Watch — A First Step in Global Marine Monitoring. Marine 

Pollution Bulletin 1975, 6 (7), 111. https://doi.org/10.1016/0025-326X(75)90271-4. 

(91)  Schöne, B. R.; Krause, R. A. Retrospective Environmental Biomonitoring – Mussel Watch 

Expanded. Global and Planetary Change 2016, 144, 228–251. 

https://doi.org/10.1016/j.gloplacha.2016.08.002. 

(92)  Farrington, J. W.; Tripp, B. W.; Tanabe, S.; Subramanian, A.; Sericano, J. L.; Wade, T. L.; Knap, 

A. H. Edward D. Goldberg’s Proposal of “the Mussel Watch”: Reflections after 40 Years. Marine 

Pollution Bulletin 2016, 110 (1), 501–510. https://doi.org/10.1016/j.marpolbul.2016.05.074. 

(93)  Cossa, D.; Tabard, A.-M. Mercury in Marine Mussels from the St. Lawrence Estuary and Gulf 

(Canada): A Mussel Watch Survey Revisited after 40 Years. Applied Sciences 2020, 10 (21), 7556. 

https://doi.org/10.3390/app10217556. 

(94)  Lu, G.; Zhu, A.; Fang, H.; Dong, Y.; Wang, W.-X. Establishing Baseline Trace Metals in Marine 

Bivalves in China and Worldwide: Meta-Analysis and Modeling Approach. Science of The Total 

Environment 2019, 669, 746–753. https://doi.org/10.1016/j.scitotenv.2019.03.164. 

(95)  Shiel, A. E.; Weis, D.; Orians, K. J. Tracing Cadmium, Zinc and Lead Sources in Bivalves from 

the Coasts of Western Canada and the USA Using Isotopes. Geochimica et Cosmochimica Acta 

2012, 76, 175–190. https://doi.org/10.1016/j.gca.2011.10.005. 

(96)  Shiel, A. E.; Weis, D.; Cossa, D.; Orians, K. J. Determining Provenance of Marine Metal Pollution 

in French Bivalves Using Cd, Zn and Pb Isotopes. Geochimica et Cosmochimica Acta 2013, 121, 

155–167. https://doi.org/10.1016/j.gca.2013.07.005. 

(97)  Araújo, D.; Machado, W.; Weiss, D.; Mulholland, D. S.; Boaventura, G. R.; Viers, J.; Garnier, J.; 

Dantas, E. L.; Babinski, M. A Critical Examination of the Possible Application of Zinc Stable 

Isotope Ratios in Bivalve Mollusks and Suspended Particulate Matter to Trace Zinc Pollution in a 

Tropical Estuary. Environmental Pollution 2017, 226, 41–47. 

https://doi.org/10.1016/j.envpol.2017.04.011. 

(98)  Jeong, H.; Ra, K.; Won, J.-H. A Nationwide Survey of Trace Metals and Zn Isotopic Signatures in 

Mussels (Mytilus Edulis) and Oysters (Crassostrea Gigas) from the Coast of South Korea. Marine 

Pollution Bulletin 2021, 173, 113061. https://doi.org/10.1016/j.marpolbul.2021.113061. 

(99)  Petit, J. C. J.; Schäfer, J.; Coynel, A.; Blanc, G.; Chiffoleau, J.-F.; Auger, D.; Bossy, C.; 

Derriennic, H.; Mikolaczyk, M.; Dutruch, L.; Mattielli, N. The Estuarine Geochemical Reactivity 

of Zn Isotopes and Its Relevance for the Biomonitoring of Anthropogenic Zn and Cd 

Contaminations from Metallurgical Activities: Example of the Gironde Fluvial-Estuarine System, 

France. Geochimica et Cosmochimica Acta 2015, 170, 108–125. 

https://doi.org/10.1016/j.gca.2015.08.004. 



 

(100)  Ma, L.; Li, Y.; Wang, W.; Weng, N.; Evans, R. D.; Wang, W.-X. Zn Isotope Fractionation in the 

Oyster Crassostrea Hongkongensis and Implications for Contaminant Source Tracking. Environ. 

Sci. Technol. 2019, 53 (11), 6402–6409. https://doi.org/10.1021/acs.est.8b06855. 

(101)  Ma, L.; Wang, W.-X.; Evans, R. D. Distinguishing Multiple Zn Sources in Oysters in a Complex 

Estuarine System Using Zn Isotope Ratio Signatures. Environmental Pollution 2021, 289, 117941. 

https://doi.org/10.1016/j.envpol.2021.117941. 

(102)  Araújo, D. F.; Ponzevera, E.; Briant, N.; Knoery, J.; Bruzac, S.; Sireau, T.; Pellouin-Grouhel, A.; 

Brach-Papa, C. Differences in Copper Isotope Fractionation Between Mussels (Regulators) and 

Oysters (Hyperaccumulators): Insights from a Ten-Year Biomonitoring Study. Environ. Sci. 

Technol. 2021, 55 (1), 324–330. https://doi.org/10.1021/acs.est.0c04691. 

(103)  Araújo, D. F.; Knoery, J.; Briant, N.; Ponzevera, E.; Chouvelon, T.; Auby, I.; Yepez, S.; Bruzac, 

S.; Sireau, T.; Pellouin-Grouhel, A.; Akcha, F. Metal Stable Isotopes in Transplanted Oysters as a 

New Tool for Monitoring Anthropogenic Metal Bioaccumulation in Marine Environments: The 

Case for Copper. Environmental Pollution 2021, 290, 118012. 

https://doi.org/10.1016/j.envpol.2021.118012. 

(104)  Cransveld, A.; Amouroux, D.; Tessier, E.; Koutrakis, E.; Ozturk, A. A.; Bettoso, N.; Mieiro, C. L.; 

Bérail, S.; Barre, J. P. G.; Sturaro, N.; Schnitzler, J.; Das, K. Mercury Stable Isotopes Discriminate 

Different Populations of European Seabass and Trace Potential Hg Sources around Europe. 

Environ. Sci. Technol. 2017, 51 (21), 12219–12228. https://doi.org/10.1021/acs.est.7b01307. 

(105)  Rainbow, P. S. Trace Metal Concentrations in Aquatic Invertebrates: Why and so What? 

Environmental Pollution 2002, 120 (3), 497–507. https://doi.org/10.1016/S0269-7491(02)00238-5. 

(106)  Renedo, M.; Pedrero, Z.; Amouroux, D.; Cherel, Y.; Bustamante, P. Mercury Isotopes of Key 

Tissues Document Mercury Metabolic Processes in Seabirds. Chemosphere 2021, 263, 127777. 

https://doi.org/10.1016/j.chemosphere.2020.127777. 

(107)  Kwon, S. Y.; Blum, J. D.; Chen, C. Y.; Meattey, D. E.; Mason, R. P. Mercury Isotope Study of 

Sources and Exposure Pathways of Methylmercury in Estuarine Food Webs in the Northeastern 

U.S. Environ. Sci. Technol. 2014, 48 (17), 10089–10097. https://doi.org/10.1021/es5020554. 

(108)  Pedrero, Z.; Donard, O. F. X.; Amouroux, D. Pushing Back the Frontiers of Mercury Speciation 

Using a Combination of Biomolecular and Isotopic Signatures: Challenge and Perspectives. Anal 

Bioanal Chem 2016, 408 (11), 2641–2648. https://doi.org/10.1007/s00216-015-9243-8. 

(109)  Perrot, V.; Masbou, J.; Pastukhov, M. V.; Epov, V. N.; Point, D.; Bérail, S.; Becker, P. R.; Sonke, 

J. E.; Amouroux, D. Natural Hg Isotopic Composition of Different Hg Compounds in Mammal 

Tissues as a Proxy for in Vivo Breakdown of Toxic Methylmercury. Metallomics 2016, 8 (2), 

170–178. https://doi.org/10.1039/C5MT00286A. 

(110)  McCormack, J.; Szpak, P.; Bourgon, N.; Richards, M.; Hyland, C.; Méjean, P.; Hublin, J.-J.; 

Jaouen, K. Zinc Isotopes from Archaeological Bones Provide Reliable Tropic Level Information 

for Marine Mammals. Commun Biol 2021, 4 (1), 1–11. https://doi.org/10.1038/s42003-021-02212-

z. 

(111)  Jaouen, K.; Pons, M.-L.; Balter, V. Iron, Copper and Zinc Isotopic Fractionation up Mammal 

Trophic Chains. Earth and Planetary Science Letters 2013, 374, 164–172. 

https://doi.org/10.1016/j.epsl.2013.05.037. 

(112)  Jaouen, K.; Szpak, P.; Richards, M. P. Zinc Isotope Ratios as Indicators of Diet and Trophic Level 

in Arctic Marine Mammals. PLOS ONE 2016, 11 (3), e0152299. 

https://doi.org/10.1371/journal.pone.0152299. 

(113)  Vander Zanden, M. J.; Clayton, M. K.; Moody, E. K.; Solomon, C. T.; Weidel, B. C. Stable 

Isotope Turnover and Half-Life in Animal Tissues: A Literature Synthesis. PLoS One 2015, 10 (1), 

e0116182. https://doi.org/10.1371/journal.pone.0116182. 

(114)  Thibon, F.; Metian, M.; Oberhänsli, F.; Montanes, M.; Vassileva, E.; Orani, A. M.; Telouk, P.; 

Swarzenski, P.; Vigier, N. Bioaccumulation of Lithium Isotopes in Mussel Soft Tissues and 

Implications for Coastal Environments. ACS Earth Space Chem. 2021, 5 (6), 1407–1417. 

https://doi.org/10.1021/acsearthspacechem.1c00045. 

(115)  Eimers, M. C.; Douglas Evans, R.; Welbourn, P. M. Partitioning and Bioaccumulation of 

Cadmium in Artificial Sediment Systems: Application of a Stable Isotope Tracer Technique. 

Chemosphere 2002, 46 (4), 543–551. https://doi.org/10.1016/S0045-6535(01)00156-4. 

(116)  Sun, T.; Wu, H.; Wang, X.; Ji, C.; Shan, X.; Li, F. Evaluation on the Biomagnification or 

Biodilution of Trace Metals in Global Marine Food Webs by Meta-Analysis. Environmental 

Pollution 2020, 264, 113856. https://doi.org/10.1016/j.envpol.2019.113856. 

(117)  Chouvelon, T.; Strady, E.; Harmelin-Vivien, M.; Radakovitch, O.; Brach-Papa, C.; Crochet, S.; 

Knoery, J.; Rozuel, E.; Thomas, B.; Tronczynski, J.; Chiffoleau, J.-F. Patterns of Trace Metal 

Bioaccumulation and Trophic Transfer in a Phytoplankton-Zooplankton-Small Pelagic Fish 



 

Marine Food Web. Marine Pollution Bulletin 2019, 146, 1013–1030. 

https://doi.org/10.1016/j.marpolbul.2019.07.047. 

(118)  Morel, F. M. M. The Biogeochemical Cycles of Trace Metals in the Oceans. Science 2003, 300 

(5621), 944–947. https://doi.org/10.1126/science.1083545. 

(119)  Wanty, R. B.; Balistrieri, L. S.; Wesner, J. S.; Walters, D. M.; Schmidt, T. S.; Stricker, C. A.; 

Kraus, J. M.; Wolf, R. E. In Vivo Isotopic Fractionation of Zinc and Biodynamic Modeling Yield 

Insights into Detoxification Mechanisms in the Mayfly Neocloeon Triangulifer. Science of The 

Total Environment 2017, 609, 1219–1229. https://doi.org/10.1016/j.scitotenv.2017.07.269. 

(120)  Köbberich, M.; Vance, D. Zn Isotope Fractionation during Uptake into Marine Phytoplankton: 

Implications for Oceanic Zinc Isotopes. Chemical Geology 2019, 523, 154–161. 

https://doi.org/10.1016/j.chemgeo.2019.04.004. 

(121)  Conway, T. M.; Horner, T. J.; Plancherel, Y.; González, A. G. A Decade of Progress in 

Understanding Cycles of Trace Elements and Their Isotopes in the Oceans. Chemical Geology 

2021, 580, 120381. https://doi.org/10.1016/j.chemgeo.2021.120381. 

(122)  Kritee, K.; Motta, L. C.; Blum, J. D.; Tsui, M. T.-K.; Reinfelder, J. R. Photomicrobial Visible 

Light-Induced Magnetic Mass Independent Fractionation of Mercury in a Marine Microalga. ACS 

Earth Space Chem. 2018, 2 (5), 432–440. https://doi.org/10.1021/acsearthspacechem.7b00056. 

(123)  Sun, R.; Wang, B. Iron Isotope Fractionation during Uptake of Ferrous Ion by Phytoplankton. 

Chemical Geology 2018, 481, 65–73. https://doi.org/10.1016/j.chemgeo.2018.01.031. 

(124)  Mulholland, D. S.; Poitrasson, F.; Shirokova, L. S.; González, A. G.; Pokrovsky, O. S.; 

Boaventura, G. R.; Vieira, L. C. Iron Isotope Fractionation during Fe(II) and Fe(III) Adsorption on 

Cyanobacteria. Chemical Geology 2015, 400, 24–33. 

https://doi.org/10.1016/j.chemgeo.2015.01.017. 

(125)  Rainbow, P. S. Trace Metals in the Environment and Living Organisms: The British Isles as a 

Case Study; Cambridge University Press: Cambridge ; New York, NY, 2018. 

(126)  Caldelas, C.; Weiss, D. J. Zinc Homeostasis and Isotopic Fractionation in Plants: A Review. Plant 

and Soil 2016. https://doi.org/10.1007/s11104-016-3146-0. 

(127)  Chamel, G.; Gourlan, A. T.; Télouk, P.; Sayag, D.; Milliard, V.; Loiseau, C.; Simon, M.; Buff, S.; 

Ponce, F. Retrospective Evaluation of Blood Copper Stable Isotopes Ratio 65Cu/63Cu as a 

Biomarker of Cancer in Dogs. Veterinary and Comparative Oncology 2017, 15 (4), 1323–1332. 

https://doi.org/10.1111/vco.12273. 

(128)  Albarède, F. Metal Stable Isotopes in the Human Body: A Tribute of Geochemistry to Medicine. 

Elements 2015. https://doi.org/10.2113/gselements.11.4.265. 

(129)  Solovyev, N.; El-Khatib, A. H.; Costas-Rodríguez, M.; Schwab, K.; Griffin, E.; Raab, A.; Platt, B.; 

Theuring, F.; Vogl, J.; Vanhaecke, F. Cu, Fe, and Zn Isotope Ratios in Murine Alzheimer’s 

Disease Models Suggest Specific Signatures of Amyloidogenesis and Tauopathy. Journal of 

Biological Chemistry 2021, 296, 100292. https://doi.org/10.1016/j.jbc.2021.100292. 

(130)  Aramendía, M.; Rello, L.; Resano, M.; Vanhaecke, F. Isotopic Analysis of Cu in Serum Samples 

for Diagnosis of Wilson’s Disease: A Pilot Study. Journal of Analytical Atomic Spectrometry 

2013, 28 (5), 675–681. https://doi.org/10.1039/C3JA30349G. 

(131)  Bhattacharjee, A.; Chakraborty, K.; Shukla, A. Cellular Copper Homeostasis: Current Concepts on 

Its Interplay with Glutathione Homeostasis and Its Implication in Physiology and Human Diseases. 

Metallomics 2017, 9 (10), 1376–1388. https://doi.org/10.1039/C7MT00066A. 

(132)  Hastuti, A. A. M. B.; Costas-Rodríguez, M.; Matsunaga, A.; Ichinose, T.; Hagiwara, S.; Shimura, 

M.; Vanhaecke, F. Cu and Zn Isotope Ratio Variations in Plasma for Survival Prediction in 

Hematological Malignancy Cases. Scientific Reports 2020, 10 (1), 16389. 

https://doi.org/10.1038/s41598-020-71764-7. 

(133)  Tea, I.; De Luca, A.; Schiphorst, A.-M.; Grand, M.; Barillé-Nion, S.; Mirallié, E.; Drui, D.; 

Krempf, M.; Hankard, R.; Tcherkez, G. Stable Isotope Abundance and Fractionation in Human 

Diseases. Metabolites 2021, 11 (6), 370. https://doi.org/10.3390/metabo11060370. 

(134)  Larner, F. Can We Use High Precision Metal Isotope Analysis to Improve Our Understanding of 

Cancer? Anal Bioanal Chem 2016, 408 (2), 345–349. https://doi.org/10.1007/s00216-015-9201-5. 

(135)  Wang, W.-X.; Meng, J.; Weng, N. Trace Metals in Oysters: Molecular and Cellular Mechanisms 

and Ecotoxicological Impacts. Environ. Sci.: Processes Impacts 2018, 20 (6), 892–912. 

https://doi.org/10.1039/C8EM00069G. 

(136)  Albarede, F.; Télouk, P.; Balter, V.; Bondanese, V. P.; Albalat, E.; Oger, P.; Bonaventura, P.; 

Miossec, P.; Fujii, T. Medical Applications of Cu, Zn, and S Isotope Effects. Metallomics 2016, 8 

(10), 1056–1070. https://doi.org/10.1039/C5MT00316D. 

(137)  Mahan, B. M.; Wu, F.; Dosseto, A.; Chung, R.; Schaefer, B.; Turner, S. SpinChemTM: Rapid 

Element Purification from Biological and Geological Matrices via Centrifugation for MC-ICP-MS 



 

Isotope Analyses – a Case Study with Zn. J. Anal. At. Spectrom. 2020, 35 (5), 863–872. 

https://doi.org/10.1039/C9JA00361D. 

(138)  Lotfi-Kalahroodi, E.; Pierson-Wickmann, A.-C.; Rouxel, O.; Coz, M. B.-L.; Davranche, M. Does 

Ultrafiltration Kinetics Bias Iron Isotope Compositions? Chemical Geology 2021, 566, 120082. 

https://doi.org/10.1016/j.chemgeo.2021.120082. 

(139)  Mulholland, D. S.; Poitrasson, F.; Boaventura, G. R. Effects of Different Water Storage 

Procedures on the Dissolved Fe Concentration and Isotopic Composition of Chemically Contrasted 

Waters from the Amazon River Basin. Rapid Communications in Mass Spectrometry 2015, 29 

(21), 2102–2108. https://doi.org/10.1002/rcm.7368. 

(140)  Kwon, S. Y.; Blum, J. D.; Madigan, D. J.; Block, B. A.; Popp, B. N. Quantifying Mercury Isotope 

Dynamics in Captive Pacific Bluefin Tuna (Thunnus Orientalis). Elementa: Science of the 

Anthropocene 2016, 4, 000088. https://doi.org/10.12952/journal.elementa.000088. 

(141)  Mieiro, C. L.; Pacheco, M.; Pereira, M. E.; Duarte, A. C. Mercury Organotropism in Feral 

European Sea Bass (Dicentrarchus Labrax). Arch Environ Contam Toxicol 2011, 61 (1), 135–143. 

https://doi.org/10.1007/s00244-010-9591-5. 

(142)  Binda, G.; Spanu, D.; Monticelli, D.; Pozzi, A.; Bellasi, A.; Bettinetti, R.; Carnati, S.; Nizzetto, L. 

Unfolding the Interaction between Microplastics and (Trace) Elements in Water: A Critical 

Review. Water Research 2021, 204, 117637. https://doi.org/10.1016/j.watres.2021.117637. 

(143)  Cao, Y.; Zhao, M.; Ma, X.; Song, Y.; Zuo, S.; Li, H.; Deng, W. A Critical Review on the 

Interactions of Microplastics with Heavy Metals: Mechanism and Their Combined Effect on 

Organisms and Humans. Science of The Total Environment 2021, 788, 147620. 

https://doi.org/10.1016/j.scitotenv.2021.147620. 

(144)  Hildebrandt, L.; Nack, F. L.; Zimmermann, T.; Pröfrock, D. Microplastics as a Trojan Horse for 

Trace Metals. Journal of Hazardous Materials Letters 2021, 2, 100035. 

https://doi.org/10.1016/j.hazl.2021.100035. 

(145)  Lu, D.; Liu, Q.; Zhang, T.; Cai, Y.; Yin, Y.; Jiang, G. Stable Silver Isotope Fractionation in the 

Natural Transformation Process of Silver Nanoparticles. Nature Nanotechnology 2016, 11 (8), 

682–686. https://doi.org/10.1038/nnano.2016.93. 

(146)  Yin, N.-H.; Sivry, Y.; Benedetti, M. F.; Lens, P. N. L.; van Hullebusch, E. D. Application of Zn 

Isotopes in Environmental Impact Assessment of Zn–Pb Metallurgical Industries: A Mini Review. 

Applied Geochemistry 2016, 64, 128–135. https://doi.org/10.1016/j.apgeochem.2015.09.016. 

(147)  John, S. G.; Geis, R. W.; Saito, M. A.; Boyle, E. A. Zinc Isotope Fractionation during High-

Affinity and Low-Affinity Zinc Transport by the Marine Diatom Thalassiosira Oceanica. Limnol. 

Oceanogr. 2007, 52 (6), 2710–2714. https://doi.org/10.4319/lo.2007.52.6.2710. 

(148)  Tanaka, Y.; Hirata, T. Stable Isotope Composition of Metal Elements in Biological Samples as 

Tracers for Element Metabolism. Anal. Sci. 2018, 34 (6), 645–655. 

https://doi.org/10.2116/analsci.18SBR02. 

(149)  Perrot, V.; Bridou, R.; Pedrero, Z.; Guyoneaud, R.; Monperrus, M.; Amouroux, D. Identical Hg 

Isotope Mass Dependent Fractionation Signature during Methylation by Sulfate-Reducing Bacteria 

in Sulfate and Sulfate-Free Environment. Environ. Sci. Technol. 2015, 49 (3), 1365–1373. 

https://doi.org/10.1021/es5033376. 

(150)  Masbou, J.; Sonke, J. E.; Amouroux, D.; Guillou, G.; Becker, P. R.; Point, D. Hg-Stable Isotope 

Variations in Marine Top Predators of the Western Arctic Ocean. ACS Earth Space Chem. 2018, 2 

(5), 479–490. https://doi.org/10.1021/acsearthspacechem.8b00017. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Table 1. Summary of main “non-traditional” isotope systems and their respective δ-notations and 

standards reference materials (SRMs) conventionally used as δ-zero.  Isotope-delta values are small 

numbers frequently presented in multiples of 10
–3

 or per mil (symbol ‰). In most literature, the 

denominator isotope is omitted, e.g., δ
65

Cu instead δ
65/63

Cu. This last form constitutes the IUPAC 

recommendation.  

Isotopes 
(abundance averages, %) 

Preferred 
Isotope 

Ratio 

δ-notation SRM 
(δ-zero) 

54Fe (5.8), 56Fe (91.8), 57Fe (2.1), 58Fe (0.3) 56Fe/ 54Fe δ66Fe 
IRMM-014 

58Ni (68.1), 60Ni (26.2), 61Ni (1.1), 62Ni (3.6), 64Ni (0.9). 60Ni, 58Ni δ60Ni 
NIST SRM 986 

64Zn (49.2), 66Zn (27.7), 67Zn (4.0), 68Zn (18.4), 70Zn 
(0.6).  66Zn/ 67Zn δ66Zn 

IRMM-3702, 
IRMM- 651 
JMC-LYON 

63Cu (69.2), 65Cu (30.8). 
65Cu/63Cu δ65Cu 

NIST SRM 976 
ERM -AE633 
ERM- AE647 

50Cr (4.3), 52Cr (83.8), 53Cr (9.5), 54Cr (2.4) 

53Cr/52Cr δ53Cu 

NIST SRM 979 
NIST SRM 3112a 

IRMM-012 
IRMM-625 

106Cd (1.25), 108Cd (0.89), 110Cd (12.49), 111Cd (12.80), 
112Cd (24.13), 113Cd (12.22), 114Cd (28.73), 116Cd (7.49) 114Cd/110Cd δ114Cu 

NIST SRM 3108 
BAM-I010 
Cd-2211 

196Hg (0.1), 198Hg (10.0), 199Hg (16.9), 200Hg (23.1), 
201Hg (13.2), 202Hg (29.9), 204Hg (6.9). 202Hg/198Hg 

199Hg/198Hg 
δ202Hg (MDF) 
Δ199Hg (MIF) 

NRC NIMS-1 
NIST SRM 3133 
NIST SRM 2225 
NIST SRM 1641 

7Li (92.4), 6Li (7.6) 7Li/6Li δ7Li 
NIST RM 8545 

107Ag (51.8), 109Ag (48.2)  109Ag/107Ag δ109Ag 
NIST SRM 978a 



 

 

Fig. 1.  Illustrating contaminant tracking principles with Zn isotopes. 1-Watershed geology settings, weathering and primary activity determine the specific natural 

isotope baselines for a given systems aquatic, like fluvial-estuarine ones
53

; 2- In the “Anthroposphere”, ore refining and other industrial processes stan isotope 

signatures in anthropogenic materials distinguishable from the natural  background;
146

  3- source mixing processes reflect the balance between  these  sources;
49

 

and  4-its historical evolution is recorded in natural archives, including sediment cores and biomonitoring organisms, like oysters
58

.  



 

 

Fig. 2. Investigations on anthropogenic metal entries and their transfer to trophic chains in the marine environment using “non-traditional” isotopes.  1- 

Isotope modeling of anthropogenic metal dispersion in the ocean (the case for Fe);
75

 2- Isotope fractionation between metal free ion and metal complex forms 

and subsequent biological uptake by phytoplankton
120

 and mangrove trees
69

; 3- Biological fractionation involved in metal cellular trafficking;
147–149

 4- Zn
112

 

and Hg
150

 isotope fractionation in marine top predators of Artic marine mammals. For Hg, MDF vs. MIF plots in marine animals reveal geographic isotopic 

differences related to different dominant Hg biogeochemical processes occurring across the space.
32

 Black one- and two-sided arrows indicate equilibrium 

and unidirectional isotope fractionation processes, respectively.   



 

 

 

 

 

Fig. 3. A conceptual scheme of Cu isotope fractionation in the homeostatic regulation of the mussel Mytilus 

edulis based on previous studies.
102

 After incorporation of Cu via particulate and dissolved phases by stomach 

and gills, respectively, Cu is partitioned into two components — metabolically available metal and stored 

detoxified metal. This partition, accompanied by redox processes, leads to an isotope fractionation between 

these two pools: a “metabolic pool” associated with the Cu (II) form and enriched in the heavy isotope; and a 

“detoxified pool” where reduced Cu (I) is dominant and there is preferential stocking of the light isotope. The 

elimination of the detoxified Cu pool results in a net balance isotopically heavy for mussels’ tissues. 

 




