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Abstract  Copper (Cu) is a bio-essential element 
and a potentially toxic pollutant in the plant–soil sys-
tems. Analysis of stable Cu isotopes can be a pow-
erful tool for tracing the biogeochemical cycling of 
Cu in plant–soil systems. In this review, we exam-
ined the analysis method of stable Cu isotope ratios 
in plants and soils, and discussed the biogeochemical 
processes, including redox reactions, mineral dissolu-
tion, abiotic and biotic sorption, which fractionate Cu 
isotopes in plant–soil systems. We also reviewed the 
variability of the isotopic signature in different plants 
and plant tissues, as well as different soil types and 
profiles to discuss the relationship between the bio-
geochemical transformation of Cu and its isotope 

fractionation in plant–soil systems. The collected data 
show that δ65Cu values range from − 2.59 to + 1.73‰ 
in plant–soil systems, and ∆65Cu values range from 
− 1.00 to − 0.11‰ between the plant and soil. The 
variation in the ∆65Cu value between the plant and 
soil is mainly in response to the different uptake strat-
egies during the acquisition of Cu from soils. Cu iso-
tope analyses are proved to be a suitable technique 
during the biogeochemical transformation of Cu in 
plant–soil systems, especially during redox reactions. 
Ultimately, research challenges and future directions 
for Cu isotope techniques as a proxy for Cu biogeo-
chemical cycles are also proposed. This review is 
beneficial for soil safety, food safety, and the sustain-
able development of agriculture and human health.
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1  Introduction

Copper (Cu) is a crucial micronutrient for the growth 
of plants, animals, and humans, primarily due to 
its significant role in enzyme activity (Hou et  al. 
2020; Zandi et al. 2020). The soil serves as a critical 
medium for the interaction of Cu within the environ-
ment and life systems, particularly in plant–soil sys-
tems. As part of the pedogenic process, rock weather-
ing releases varying quantities of Cu into soils, but its 
concentration typically remains low (approximately 
2 to 50 mg·kg−1) (Holmgren et al. 1993). Anthropo-
genic activities, such as mining, refining, the use of 
fungicides, and industrial processes, serve as major 
pathways leading to the accumulation of Cu in soils 
(Alloway 2013; Li et al. 2021). The excess presence 
of Cu in soils poses a threat to the environment and 
human health through the food chain, potentially 
causing severe health issues such as liver cirrhosis, 

brain damage, and kidney damage by disrupting Cu 
homeostasis in human bodies (Cornu et al. 2017; Hou 
et  al. 2020; Shabbir et  al. 2020; Zandi et  al. 2020). 
Moreover, the depletion of Cu can harm the photo-
synthetic machinery, disrupting the corresponding 
electron transport chain in plants and resulting in 
necrotizing lesions (Gaetke et al. 2014; Shabbir et al. 
2020; Wilson and Pyatt 2007). Therefore, it is crucial 
to investigate the transportation of Cu in plant–soil 
systems and establish a comprehensive model of the 
global Cu cycling.

Copper naturally exhibits two stable isotopes, 63Cu 
(abundance 69.2%) and 65Cu (30.8%) (Shields et  al. 
1964). The variation in Cu isotope composition pri-
marily arises due to mass-dependent isotope fraction-
ation. Slight differences in the efficiency of Cu iso-
topes participating in various chemical and physical 
processes, such as redox reactions, sorption, organic 
complexation, and mineral dissolution, are likely to 
lead to Cu isotope fractionation (Dotor-Almazan et al. 
2017; Fekiacova et al. 2015; Kusonwiriyawong et al. 
2017; Li et  al. 2016). These differences are associ-
ated with subtle variations in equilibrium or kinetic 
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isotope effects (Maréchal et  al. 1999; Moynier et  al. 
2017; Zhu et al. 2000). As a result, Cu isotope com-
positions play a crucial role in identifying the mecha-
nisms of uptake and accumulation of Cu within plants 
and the transport processes between plants and soils 
(Jouvin et al. 2012; Kribek et al. 2020; Li et al. 2016; 
Sillerova et al. 2017). Within plants, the variation in 
Cu isotope compositions between roots and above-
ground tissues reflects different fractionation factors, 
depending on the translocation type (diffusion vs. 
convection) and plant height, except for the Cu toler-
ant plant E. splendens (Blotevogel et al. 2022, 2019; 
Li et al. 2016; Navarrete et al. 2011b). In comparison 
to soils, plants tend to preferentially absorb isotopi-
cally lighter Cu from the soil (Weinstein et al. 2011). 
Consequently, plant litter on the soil surface generally 
exhibits isotopically lighter characteristics. Addition-
ally, aqueous Cu organic complexes formed during 
organic matter decomposition lead to the mobilization 
of heavier Cu isotopes in the soil (Kribek et al. 2020; 
Li et al. 2016; Mihaljevic et al. 2018; Weinstein et al. 
2011). To date, the stable isotope technique has been 
successfully applied to study the biogeochemical pro-
cesses of Cu in various environments, including agri-
cultural soils (Babcsanyi et al. 2014; Blotevogel et al. 
2018), river floodplain soils (Bigalke et al. 2013), Cu 
smelting, and mining-contaminated soils (Bigalke 
et  al. 2010a; Dotor-Almazan et  al. 2017; Mihaljevic 
et al. 2019; Roebbert et al. 2018), as well as paleosols 
(Little et al. 2019; Liu et al. 2014b).

Several reviews on environmental metal (includ-
ing Cu) isotope geochemistry have been published 
(Albarede 2004; Eiler et  al. 2014; Komárek et  al. 
2021; Wang et  al. 2021), including the summary of 
Cu isotope geochemistry conducted by Moynier et al. 
(2017), Sullivan et al. (2022) and Wiggenhauser et al. 
(2022). However, in the last several years, significant 
progress has been made in understanding Cu isotope 
behavior within plant-soil systems (Burkhead et  al. 
2009; Kumar et al. 2021; Shabbir et al. 2020; Zandi 
et  al. 2020). In this review, we consolidate various 
analytical methods for determining Cu isotope ratios 
in both plants and associated soils. Additionally, we 
present the latest findings on Cu isotope fractiona-
tion driven by both abiotic and biotic processes in 
plant–soil systems. Our examination includes a com-
parative analysis of the isotope signature variability in 
different plants, plant tissues, and various soil types 
characterized through soil profiles. Furthermore, we 

delve into the mechanisms of Cu isotope fractiona-
tion during soil–plant transfer. Finally, we address the 
challenges and prospects of utilizing Cu isotopes as a 
proxy for Cu biogeochemical cycles.

2 � Methods to determine stable Cu isotope ratios

For isotope analyses, both plant and soil samples need 
to be digested and purified to enhance the analytical 
accuracy (Li et al. 2016; Little et al. 2019; Weinstein 
et al. 2011). Wet digestion methods are usually suit-
able for plant samples, but their effectiveness can be 
largely influenced by the binding forms of Cu (Ram-
anathan and Ting 2015; Sastre et al. 2002). Previous 
sequential extraction experiments have shown that 
Cu mainly exists as carbonate and organic fractions 
in plant–soil systems (Babcsanyi et  al. 2016; Ram-
anathan and Ting 2015; Roebbert et al. 2018). Acids 
usually digest the carbonate fraction, while the usage 
of oxidizing agents results in organic matter oxidation 
during the dissolution of Cu phases (Ramanathan and 
Ting 2015). In addition, biogenic silica may also exist 
in plant–soil systems and HF has been validated to 
effectively dissolve silicates (Alsaleh et al. 2018; Sas-
tre et  al. 2002). Generally, pulverized plant and soil 
samples are dissolved using a mixture of concentrated 
acids, such as HCl–HNO3 or HCl–HNO3–HF–H2O2, 
while if any silicate-bound Cu is included in the sam-
ple, HF is indispensable (Jouvin et  al. 2012; Kribek 
et  al. 2020; Li et  al. 2016; Weinstein et  al. 2011). 
The repeatability (R.S.D. < 5%) and recoveries of 
Cu digestion by wet methods can ensure that the 
procedures are precise and accurate (Jouvin et  al. 
2012; Ryan et  al. 2013; Weinstein et  al. 2011). For 
Cu purification, the digest extracts were re-dissolved 
by using concentrated HCl, and the separation of the 
Cu fractionation from matrix components using ion-
exchange chromatography was reported by Maréchal 
et al. (1999). It’s crucial to note that there is no stand-
ardization for the matrix reference material analysis 
within plant-soil systems (Sullivan et  al. 2022). Soil 
reference materials such as ERM-CC141 (Loam soil), 
GSF-3 (Paddy soil), GSS-11 (Liaohe Plain soil), and 
GSS-13 (North China Plain soil) have been utilized in 
various applications and geographic regions based on 
specific requirements (Fig. S1) (Sullivan et al. 2022). 
However, the availability of well-characterized soil 
reference materials is notably limited, leading to a 
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prevalent dependence on basalt references (Fig.  S1) 
(e.g., BCR-1/2, BHVO-2, and BIR-1/1a) (Little et al. 
2019; Zheng et al. 2023). This reliance is insufficient 
due to variations in copper concentrations and organic 
content, rendering this practice inadequate (Sullivan 
et  al. 2022). Similarly, plant reference materials are 
also insufficient, with primary usage of BCR-414 
(plankton) and SRM 1573a (tomato leaves) (Jeong 
et  al. 2021; Ryan et  al. 2013). In addition, various 
commercially available plant or soil materials, includ-
ing NIST SRM 2709a (San Joaquin Soil), IAEA Soil-
7, GBW 07602 (Bush branches and leaves), SRM 
1515 (Apple leaves), SRM 1547 (Peach leaves), 
IAEA-336 (Lichen), BCR-402 (White clover), ERM-
CD281 (Rye grass), SRM 1570a (Spinach leaves), 
SRM 1567b (Wheat flour), SRM 1568b (Rice flour), 
and ERM BC210 (Wheat flour), lack available δ65Cu 
values. Consequently, there is a need for determin-
ing the Cu isotope compositions of these plant or soil 
materials using MC–ICP–MS to gain insights into the 
transportation of Cu in plant-soil systems.

The earliest measurement of Cu isotope compo-
sitions was conducted by thermal ionization mass 
spectrometers (TIMS) and the analytical uncertainty 
was approximately 0.1‰ ~ 2‰ (Shields et  al. 1964; 
Walker et al. 1959). With the development of multi-
ple-collector inductively coupled plasma mass spec-
trometers (MC–ICP–MS), the accuracy of Cu isotope 
analysis was up to 0.04‰. Compared with TIMS, the 
MC–ICP–MS technique is more effective and less 
time-consuming (Maréchal et  al. 1999). In addition, 
laser ablation–MC–ICP–MS (LA–MC–ICP–MS) 
and secondary ion mass spectrometry (SIMS) had 
also been used to determine Cu isotopes in Cu min-
erals. Although LA–MC–ICP–MS (0.08–0.14‰) 
and SIMS (0.5‰) have higher precision than TIMS, 
they are high-cost methods and harder implementa-
tion in most laboratories to achieve better precision 
than MC–ICP–MS. Moreover, for LA–MC–ICP/MS 
and for SIMS, it is difficult to determine the accuracy 
of a measurement, because of the lack of appropriate 
standards and because of a possible bias by the abla-
tion/sputtering procedures that is difficult to correct 
(Lazarov and Horn 2015; Lv et  al. 2020; Othmane 
et  al. 2015). Therefore, MC–ICP–MS has a wider 
application in measuring the variation of δ65Cu val-
ues in terrestrial samples including plants and soils 
(Blotevogel et al. 2018; Weinstein et al. 2011). Com-
mon calibration methods include standard sample 

bracketing (SSB) (Yuan et al. 2017; Zhu et al. 2000), 
elemental doping (Zn, Ni, Ga) (Hou et  al. 2016; 
Larner et al. 2011; Takano et al. 2017), and the com-
bination of SSB and elemental doping. Furthermore, 
utilizing the combined SSB with an internal standard 
result in at least a twofold improvement in precision 
compared to the direct SSB (Hou et  al. 2016; Liu 
et al. 2014a). In contrast to Zn and Ni doping, Ga iso-
topes, with fewer interferences and lower abundance, 
diminish contamination sources and recently appear 
more prevalent (Hou et al. 2016; Yang et al. 2023).

Copper isotope compositions in plant and soil 
samples are commonly expressed as δ65Cu as 
the difference relative to the Cu isotope standard 
NIST-SRM-976 Eq. (1):

Most Cu isotope data published in the literature 
adopted NIST-SRM-976 as the reference standard. 
An issue is that the stock of NIST-SRM-976 is nearly 
exhausting and cannot be reproduced by the National 
Institute of Standards and Technology (NIST). Moe-
ller et  al. (2012) showed that the Cu isotope ratios 
of NIST-SRM-976 yielded δ65Cu −  0.01 ± 0.05‰ 
and −  0.21 ± 0.05‰ relative to ERM-AE633 and 
ERM-AE647 by the Institute for Reference Materi-
als and Measurements (IRMM) (Moeller et al. 2012). 
This review uses 0.01‰ and 0.21‰ to convert 
δ65Cu of ERM-AE633 and ERM-AE647 to that of 
NIST-SRM-976.

To describe the extent of mass fractionation 
through a process, the fractionation factor Δ is usu-
ally used Eq. (2):

A or B can represent the product or the substrate in 
a kinetically controlled process or the two phases in 
an equilibrium process. Details on the laws of stable 
isotope fractionation have been reported by Moynier 
et al. (2017) and Wiederhold (2015).

(1)
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3 � Copper isotope fractionation affected 
by different biogeochemical processes

3.1 � Redox reaction

The variation in δ65Cu values is usually apparent dur-
ing the redox reaction. Under anoxic conditions, 65Cu 
would be enriched in the solution during the reduc-
tion process because 63Cu precipitates preferentially 
from the solution as stable sulfide-containing min-
erals (e.g., chalcocite, bornite, enargite) (Table  S1) 
(Pękala et  al. 2011). For example, Ehrlich et  al. 
(2004) showed that the isotope signature of Cu(II)
aq in solution was approximately 3.06‰, which was 
heavier than that of covellite (a Cu(I)S(-I) compound) 
at 20  °C, as a result of the reduction of Cu(II)aq to 
Cu(I)aq, followed by precipitation of Cu(I)aq–CuS. 
However, ∆65Cu ranged from + 1 to + 3‰ during the 
oxidation of Cu and/or Cu-Fe sulfides under labora-
tory conditions (Fernandez and Borrok 2009; Kim-
ball et al. 2009; Mathur et al. 2005; Wall et al. 2011). 
These isotope fractionation factors are generally con-
sistent with theoretical values predicted by ab  initio 
modeling. For instance, the equilibrium isotope frac-
tionation between chalcopyrite (CuFeS2) and Cu(II)
aq was 3.1‰ at 25 °C (Sherman 2013). In addition, 
the effect of redox is recognized as a main factor that 
controls the isotope fractionation of Cu during the 
redox transformation of Cu–sulfide minerals (Fernan-
dez and Borrok 2009; Maher et al. 2011; Rodriguez 
et  al. 2013; Wall et  al. 2011). For example, Fernan-
dez and Borrok (2009) revealed that heavier Cu iso-
topes are preferentially dissolved during chalcopyrite 
dissolution under oxidizing conditions. Additionally, 
Cu isotope fractionation can be mainly observed in 
Cu(I)/Cu(II) redox reactions on the surface of sulfide 
minerals, and can be affected by the relative rates of 
surface oxidation and leaching in aqueous solution 
under different pH conditions (Fernandez and Bor-
rok 2009). Furthermore, δ65Cu ranges from −  6.42 
to + 19.73‰ in weathered shales and cherts, and the 
leaching of Cu from black shales and its isotope frac-
tionation are extremely affected by the fluctuations in 
redox potential (Lv et al. 2016). In addition, the redox 
fluctuation enlarged the shift of δ65Cu compared with 
the initial value when Cu-rich sulfides were leached 
and refixed by Fe-sulfide during weathering (Lv et al. 
2016; Mathur et al. 2009; Palacios et al. 2011).

In plant–soil systems, especially hydromorphic 
soils systems, redox fluctuations are generally driven 
by frequency and duration of waterlogging, such as 
flooded and drained processes (Fulda et  al. 2013; 
Kusonwiriyawong et  al. 2017). Vertical redox zona-
tion in soils is affected by the amounts and reactiv-
ity of electron donors in sequence: O2, NO3

−, Mn4+, 
Fe3+, and SO4

2− under the electron donor effect 
(i.e., organic carbon). Once soils are flooded, oxy-
gen, nitrate, Mn(IV), Fe(III) (oxy)hydroxides, sul-
fate, and then CO2 in soils are sequentially reduced 
as electron acceptors (Borch et  al. 2010; Kappler 
et al. 2021; Yu et al. 2021). Although Cu sorbed on 
Fe/Mn (oxy)hydroxides can be released to soil pore-
water during reductive dissolution of Fe/Mn (oxy)
hydroxides, sulfides produced by microbial sulfate 
reduction can simultaneously fix released Cu as Cu-
sulfides, which could decrease Cu solubility under 
anoxic conditions (Fulda et al. 2013; Pan et al. 2016; 
Xu et al. 2021). In a simulated flooding experiment, 
Kusonwiriyawong et  al. (2016) reported the struc-
tural information of Cu in different chemical forms, 
and found that Cu in CuXS had a relatively long bond 
distance (2.27 ~ 2.30  Å) and low coordination num-
ber (1.5), compared with other chemical forms of Cu 
(e.g., Cu (H2O)5

2+, Cu (H2O)6
2+, CuCO3 and Cu–OM 

complex). They also characterized the changes in 
chemical partitioning with a five-step sequential 
chemical extraction (SCE) method, and found that 
different fractions initially showed a relatively low 
Cu isotope composition (0.83 ± 0.18‰) at the begin-
ning of flooding, whereas the δ65Cu values elevated 
to 2.18 ± 0.17‰ after seven days of flooding. The 
fractionation of δ65Cu mainly occurred between F2 
(NaOAc-extractable), F3 (NH4Ox-extractable), and 
F4 (hot H2O2/NH4OAc-extractable), where F2 and F3 
were enriched in 65Cu. However, F4 had isotopically 
lighter Cu, due to the reduction of sulfate and rapid 
precipitation of CuXS under anoxic conditions. This 
study pointed out the importance of sulfate reducing 
bacteria (SRB) in Cu redistribution among soil frac-
tions (Fig. 1). Upon drainage, the previously formed 
Cu-sulfides tend to be oxidized, releasing soluble 
Cu and in turn increasing Cu solubility (Kusonwiri-
yawong et  al. 2017). Soluble Cu dominantly existed 
as Cu (II), which could form stable complexes with 
organic matter (OM) and be adsorbed by Fe/Mn (oxy-
hydr)oxides and clay minerals (Fig.  1). During oxi-
dation, isotopically heavy Cu in the reduced fraction 
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might be lost, leaving the residual Cu isotopically 
light (Kusonwiriyawong et al. 2017).

Moreover, redox processes induced by biologi-
cal activities play an important role in Cu isotope 
fractionation in plant–soil systems (Navarrete et al. 
2011a). Cu is a cofactor in proteins in biological 
systems (Gorman-Lewis et al. 2019). Both reduced 
Cu(I) and oxidized Cu(II) are bound to specific pro-
teins and enzymes in biochemical reactions (Bertini 
et  al. 2010; Burkhead et  al. 2009; Navarrete et  al. 
2011a). Cu-containing proteins are actively involved 
in electron transport or function as enzymes that 
may catalyze redox reactions on the surface of the 
plasma membrane or when Cu is incorporated into 

cells (Burkhead et al. 2009; Ryan et al. 2013). These 
processes mediated by Cu-containing proteins have 
been shown to induce an enrichment of isotopi-
cally light Cu in bacteria and plants (Jouvin et  al. 
2012; Ryan et al. 2013; Weinstein et al. 2011; Zhu 
et al. 2002) (Table S1). Additionally, a recent study 
found that a mature phototrophic biofilm can result 
in a significant Cu isotope fractionation (Coutaud 
et al. 2018). Complexation with carboxylate ligands 
favors enrichment of heavy Cu isotopes, while 
reduction of CuII-O/N to CuI-sulfhydryl moieties 
enriches light Cu isotopes (Coutaud et al. 2018).

Fig. 1   Overview of processes in flooded or drained paddy soils that affect Cu cycling. DIRB refers to dissimilatory iron reducing 
bacteria, SRB refers to sulfate reducing bacteria, and OM refers to the organic matter in the figure
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3.2 � Sorption

Sorption processes control the solubility of Cu and 
dominate the solid–liquid partitioning of Cu in soils, 
but these processes are influenced by soil pH and 
organic matter content (Richards et  al. 1998; Sauvé 
et  al. 1997; Vialykh et  al. 2019). In soil, with low 
pH and organic matter content, relatively high con-
centrations of mobile Cu(II) were found (Sauvé et al. 
1997). Mobile Cu(II) can be transferred by diffusive 
and advective processes until it precipitates as Cu(II) 
sulfides with isotopically light Cu (Table S1) (Mathur 
et al. 2009; Pokrovsky et al. 2008). Cu isotope frac-
tionation can occur during the adsorption on Fe/Mn 
(oxyhydr)oxides and clay minerals (Babcsanyi et  al. 
2016; Pokrovsky et  al. 2008; Richards et  al. 1998). 
Compared to aqueous ion, Cu adsorbed on the surface 
of Fe oxyhydroxides has shorter Cu–O bond lengths 
and a lower coordination number (Balistrieri et  al. 
2008; Moynier et al. 2017; Pokrovsky et al. 2008). For 
instance, Balistrieri et  al. (2008) demonstrated that 
the Cu–O bond lengths of the ion in aqueous solution 
and Cu(II) adsorbed on the surface of amorphous Fe 
oxyhydroxides were 1.8–2.0 Å and 2.0–2.4 Å, respec-
tively, and the obtained ∆65Cusorbed-solution value was 
0.73‰. In addition, Pokrovsky et al. (2008) reported 
the ∆65Cusorbed-solution for Cu sorption on goethite 
(0.8‰) and gibbsite (1.0‰). Li et al. (2015) reported 
the ∆65Cusorbed-solution for Cu sorption on kaolinite 
(− 1.46‰ to − 0.27‰), and they found that the frac-
tionations with no connection with pH and reactive 
temperature were correlated negatively with the ionic 
strength and positively with the initial Cu concentra-
tions in the solutions. Recently, Ijichi et  al. (2018) 
confirmed that isotopically light Cu was adsorbed on 
birnessite, and the isotope fractionation of Cu was 
0.45 ± 0.18‰. Sherman and Little (2020) confirmed 
the presence of isotopically light Cu on birnessite and 
predicted equilibrium isotope fractionation (0.49‰) 
at 25  °C using the ab  initio model. These simulated 
isotope fractionation values might be smaller than the 
values in the natural soils because edge-complexes 
did not form under either model or experimental con-
ditions (Sherman and Little 2020).

In addition, soil organic matter (SOM) possesses 
the maximum adsorption affinity for Cu relative 
to Fe-Mn oxides and other clay minerals, and thus 
mainly responsible for retaining adsorbed Cu (Via-
lykh et  al. 2019). Some molecular structure studies 

showed that the Cu adsorbed on SOM was primar-
ily present in the form of the bidentate complex. In 
the first coordination sphere, Cu(II) was displayed 
in a 6-coordinate structure with four equatorial O 
or N atoms and two axial O atoms at distances of 
1.94 Å and 2.29 Å, respectively (Strawn and Baker 
2009). Karlsson et al. (2006) suggested that four O or 
N atoms were present in the equatorial plane of the 
Jahn-Teller distorted octahedron. However, Peacock 
and Sherman (2004) indicated that Cu(II) adsorbed 
on the surface of Fe (oxyhydr)oxides had a structure 
with four equatorial O atoms in the first-shell coor-
dination environment at a distance of 1.85–2.05 Å. 
Additionally, some studies reported that the adsorbed 
Cu(II) on the surface of iron (oxyhydr)oxide pre-
sented as (CuO4Hn)n-6 and (Cu2O6Hn)n-8 complexes at 
a distance of 2.9 Å (Moon and Peacock 2012; Sauvé 
et  al. 1997). In general, heavy Cu isotopes are pref-
erentially combined with lower coordination num-
bers and shorter, stronger bonds (Ryan et  al. 2014; 
Sherman and Little 2020). Thus, the organo-compl-
exation of Cu can affect the isotope fractionation of 
Cu in soils due to the relatively strong bond strength 
between SOM and 65Cu (Bigalke et  al. 2010a; Pok-
rovsky et al. 2008). Ryan et al. (2014) performed an 
experiment to investigate the isotope fractionation 
between Cu(II)aq and Cu bound to insoluble humic 
acid at pH 2–7, and found that organo-complexed Cu 
was isotopically heavier relative to the solution (∆65C
uIHA-solution = 0.26±0.11‰). Ryan et al. (2014) used 
Donnan membranes to assess the isotope fractiona-
tion of Cu during complexation with humic acid, and 
they found that the ∆65Cucomplex-free values ranged, 
from + 0.14‰ to + 0.84‰. They also verified that 
the magnitude of isotope fractionation has a strongly 
positive correlation with the logarithms of the stabil-
ity constants (log K) of organic Cu complexes. Ilina 
et  al. (2013) reported that no isotope fractionation 
occurred between Cu-organic complexes of different 
sizes (1 kDa-0.22 μm) and dissolved pools (<1 kDa), 
because Cu-organic complexes of different sizes had 
similar structures and stabilities.

Moreover, the adsorption of Cu on bacteria sur-
faces is considered an important process affect-
ing the fractionation of Cu in plant–soil systems 
(Mathur and Fantle 2015), and the magnitude of the 
fractionation of Cu isotopes caused by adsorption is 
smaller relative to active metabolic processes (Navar-
rete et  al. 2011a). Navarrete et  al. (2011a) observed 
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that heavy Cu isotopes were preferentially adsorbed 
on heat-killed bacteria. The ∆65Cusoild-solution values 
were 0.69 ± 0.25‰ at pH = 4.1 and 0.49 ± 0.02‰ at 
pH = 5.1. Nevertheless, there was no obvious frac-
tionation at pH = 3.4–4.0, and heavier Cu isotopes 
were preferentially sequestered in the bacteria at 
pH = 2.7. The authors accounted for this seques-
tered for cell lysis. However, Pokrovsky et al. (2008) 
reported that no isotope fractionation was observed 
between the cell and solution (∆65Cusolution-soild = 0.
0 ± 0.4‰) when Cu was adsorbed on bacteria at pH 
4.0–6.5, whereas light Cu isotopes were adsorbed on 
the cell surface of soil P.aureofaciens bacterium at 
pH 1.8–3.5 (∆65Cusoild-solution = − 1.2 ± 0.5‰).

3.3 � Mineral dissolution

Dissolution is a surface chemical reaction at the 
water–mineral interface and is controlled by the 
effect of protons and organic ligands (Murphy et  al. 
1989). The dissolution of both primary and secondary 
Cu minerals can release Cu ions into soil solutions. 
Cu isotope fractionation can be observed during the 
oxidative weathering of host minerals, including 
Cu-bearing sulfides, carbonates, and hydroxide min-
erals (Kimball et  al. 2009; Mathur et  al. 2005; Wall 
et al. 2011). Many studies have reported that heavier 
Cu isotopes could be released into the soil solution, 
whereas lighter Cu isotopes are preferentially retained 
during the oxidative weathering of Cu sulfide min-
erals, such as chalcopyrite, chalcocite, and bornite, 
since Cu (II) is more soluble than Cu (I) (Fekiacova 
et  al. 2015; Fernandez and Borrok 2009; Kimball 
et  al. 2009; Vance et  al. 2016). In addition, isotopi-
cally heavy Cu may be released into soil solution 
when ligand-promoted dissolution enhances with the 
presence of organic ligands. The existence of bac-
teria can also result in Cu isotope fractionation dur-
ing the dissolution of sulfide minerals. However, the 
order of magnitude of Cu isotope fractionation caused 
by biotic dissolution is less than that caused by abi-
otic dissolution (Kimball et al. 2009; Rodriguez et al. 
2013).

4 � Copper isotope fractionation in plants

4.1 � Copper isotope fractionation in different plant 
species

Copper isotope data of 12 different plant species, 
including lichens and vascular plants such as trees, 
grasses, and grain crops were collected, and the 
δ65Cu values in these plants ranged from −  2.59 to 
+  0.64‰ (Fig.  2). Plants tend to enrich lighter Cu 
isotopes than soils, and the majority of studies focus 
on vascular plants, which constitute the main base of 
the plant–soil ecosystem and food chain (Jouvin et al. 
2012; Li et al. 2016; Mihaljevic et al. 2018; Sillerova 
et al. 2017). The vascular plants can be divided into 
the strategy I and strategy II plants, according to the 
acquisition of Cu from the soil by plant roots (Jou-
vin et al. 2012; Ryan 2014). Strategy I is a sequential 
acidification-reduction-transport strategy: (i) the acid-
ification of the rhizosphere excretes H+ by a plasma 
membrane H+ ATPase (AHA); (ii) nicotinamide 
adenine dinucleotide phosphate (NADPH)-dependent 
ferric reductase oxidase 4 and 5 (FRO4/5) reduces 
Cu(II) to Cu(I) which is then available to plants; and 

Fig. 2   Cu stable isotopes in different plant species: a strategy I 
vascular plants, b strategy II vascular plants, and c nonvascular 
plants (Blotevogel et al. 2018; Jouvin et al. 2012; Kribek et al. 
2020; Li et  al. 2016; Mihaljevic et  al. 2018; Rodriguez et  al. 
2013; Ryan et al. 2013; Sillerova et al. 2017; Vance et al. 2016; 
Weinstein et al. 2011)
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(iii) Cu can be transported through plant roots by the 
Cu transporter COPT/Ctr-like protein family (Fig. 3) 
(Bernal et al. 2012; Chai and Schachtman 2021; Santi 
and Schmidt 2009). Strategy II is the chelation-based 
strategy, which is basically dependent on the compl-
exation of Cu (Hell and Stephan 2003). Cu(II) can 
be transported in the form of Cu(II)- phytosidero-
phores complexes in the rhizosphere, and then can 
be absorbed by plants via two transporters of the ZIP 
family (zinc iron regulated protein transporters: ZIP 
2 and ZIP 4) (Fig. 3) (Bigalke et al. 2010a; Kavitha 
et al. 2015; Wintz et al. 2003).

In this review, we have collected 181 δ65Cu 
value data in different vascular plants, including 
eight species of strategy I plants and three species 
of strategy II plants. To compare the δ65Cu val-
ues of strategy I and strategy II plants, the whole-
plant δ65Cuwhole-plant (‰) value is calculated using 
Eq. (3)

where Fi is the fraction of Cu in a given tissue sample 
i and δ65Cui (‰) is the Cu isotope compositions in 

(3)�
65Cuwhole−plant(‰) =

∑
i

�
65Cui ∗ Fi

the tissue samples (Li et al. 2016). The range of δ65Cu 
values in aboveground tissues is shown in Fig.  2, 
including five species of strategy I plants that have 
been reported (e.g., lentil (Lens culinaris), lettuce 
(Latuca sativa L.), tomato (Lycopersicon esculentum 
L. or Solanum lycopersicum), Elsholtzia splendens, 
and Prosopis pubescens) and 3 species of strategy II 
plants (e.g., oat (Avena sativa), durum wheat (Triti-
cum turgidum L. cv. Acalou and Elymus virginicus), 
and rice (Oryza, sativa L. cv. IR 64), and the strategy 
I plants are generally enriched 63Cu with a median 
δ65Cu of -0.61‰ for the whole plants, while strategy 
II plants fractionate less towards light isotopes with a 
median δ65Cu of -0.39‰ for the whole plants.

4.2 � Copper isotope fractionation in different plant 
tissues

As a micronutrient element, Cu is actively taken up 
by vascular plants and transported to plant tissues 
(Jouvin et al. 2012; Li et al. 2016; Ryan et al. 2013). 
We complied with the δ65Cu values of 5 different 
plant tissues, including roots, stems, leaves, flowers 
and seeds, from the published literature (Fig.  4). It 
seems that 65Cu tends to be slightly enriched in the 

Fig. 3   Schematic layout of Cu isotope variation within plants 
during Cu uptake and translocation for both strategy plants 
at the plasma membrane level. It is modified by Jouvin et  al. 

(2012), Wu et al. (2019) and Zandi et  al. (2020). a the green 
circle represents phytoavailable elements, and the blue circle 
represents mineral elements in soil or nutrient solution



30	 Rev Environ Sci Biotechnol (2024) 23:21–41

1 3
Vol:. (1234567890)

aboveground tissues (stems, leaves, and flowers), with 
a mean δ65Cu of − 0.45‰ ± 0.41‰, compared to the 
roots (δ65Cu = −  0.58‰ ± 0.39‰) (Fig.  4). In addi-
tion, the δ65Cu values of seeds (− 0.53‰ ± 0.13‰) 
also display the enrichment of 65Cu, compared with 
the roots (Fig. 4). It is assumed that aboveground tis-
sues may be enriched in heavier Cu isotopes through 
the xylem due to complexation and adsorption, rela-
tive to roots (Li et al. 2016). In addition, Cu translo-
cation in plants mainly involves three stages: (i) Cu 
transport in stems and branches; (ii) Cu transloca-
tion from stems and branches to leaves; and (iii) Cu 
translocation from leaves to flowers through branches 
(Li et al. 2016) (Fig. 3). Therefore, we calculate the 
isotope fractionation between different tissues, and 
the results show that ∆65Custem-leaf and ∆65Culeaf-flower 
in strategy I plants are 0.14‰ and − 0.42‰, respec-
tively, and ∆65Custem-leaf is 0.37‰ in strategy II 
plants.

5 � Copper isotope fractionation in soils

Soil is a biogeochemically altered material that 
lies at the interface between the lithosphere and the 

atmosphere (Han et  al. 2020; Ronald 2003; Song 
et al. 2018; Xia et al. 2019). For Cu cycling in soils, 
the external inputs and outputs of Cu have different 
isotope signatures. Weathering-derived Cu originates 
from parent materials, and decay of Cu from plants 
and deposition from atmospheric aerosols are thought 
to be the external inputs of Cu in soils. The outputs 
of terrestrial Cu can eventually be transported into 
oceans by soil weathering and leaching (Moynier 
et  al. 2017). We compiled δ65Cu values from previ-
ous studies and suggested that rocks and dissolved 
Cu in rivers had heavier isotope compositions and 
that plants were isotopically lighter than the related 
soils. Spatial heterogeneity for δ65Cu values was also 
displayed due to different effects of weathering and 
subsequent pedogenic processes in soils (Bigalke 
et al. 2010a; Kusonwiriyawong et al. 2017; Liu et al. 
2014b; Wu et al. 2019).

5.1 � Copper isotope fractionation in different soil 
horizon

The δ65Cu values in different types of soils range from 
−  1.09 ~ 1.73‰, and spatial heterogeneity exists in 
different soil horizons and types (Fig. 5). In general, 
δ65Cu values in the C horizon are similar to those in 
bedrocks and have a relatively limited variation, rang-
ing from − 0.39 ~ 0.18‰ (Fig. 5). Meanwhile, there 
were three main characteristic Cu isotope signatures 
from C to A horizon: (i) δ65Cu values increased or 
did not change from C to B horizon, while Cu con-
centrations decreased and δ65Cu values increased 
from B to A horizon, and the minimum δ65Cu values 
were found in the B horizon (Andosols, Albeluvisols, 
Luvisols), (ii) δ65Cu values decreased from B to E 
horizon, while Cu concentrations and δ65Cu values 
increased from E to A horizon, since the minimum 
δ65Cu values were found in E horizon (Pozols) and 
δ65Cu values in E horizon merge into A horizon in 
Fig. 5, and (iii) no apparent variation of δ65Cu values 
with soil depth (Chernozem, Cambisols). Further-
more, δ65Cu values ranged from −  0.45 ~ 0.92‰ in 
O horizon where δ65Cu values were highly dependent 
on the influence of atmospheric inputs, anthropogenic 
activities and plant activities.

The patterns of δ65Cu values in Andosols, Albe-
luvisols, Luvisols and Retisols were similar. Taking 
Luvisols as an example, it is characterized by the 
different behaviors of clay minerals in the entire soil 

Fig. 4   The variation in δ65Cu values of different tissues in 
plants with different uptake strategy (Jouvin et  al. 2012; Li 
et al. 2016; Ryan et al. 2013; Weinstein et al. 2011). The red 
circles represent that the δ65Cu values of strategy I plant, and 
the blue diamond represent that the δ65Cu values of strategy II 
plant. The δ65Cu value distribution of all plants are displayed 
in the black boxplots



31Rev Environ Sci Biotechnol (2024) 23:21–41	

1 3
Vol.: (0123456789)

profile, with eluviation in surface horizons (E hori-
zons) and transport and accumulation in deeper hori-
zons (Bt horizons) (Kusonwiriyawong et  al. 2017). 
Cu concentrations and isotope compositions in Luvi-
sols change in different horizons (Fig.  5). In most 
profiles, Cu concentrations increased and δ65Cu val-
ues decreased with the increasing depth until Bt hori-
zon, since the minimum δ65Cu values were found in 
Bt horizon. δ65Cu values increased or did not change 
with soil depth (Fekiacova et al. 2015; Kusonwiriya-
wong et al. 2017). The patterns of δ65Cu values might 
be due to the following processes: (i) isotopically 

lighter Cu is enriched in soil solutions and heavier Cu 
is enriched in soil particles during the weathering and 
leaching processes of parent materials or bedrocks, 
and isotopically lighter Cu in soil solutions move 
downwards in the form of uncharged mobile Cu com-
plexes; (ii) the mobilized Cu in soil solutions could 
be adsorbed by Fe–Mn oxides in soil particles and 
isotopically heavier Cu could be enriched in deeper 
horizons (BC horizons) (Mihaljevic et al. 2019; Pok-
rovsky et  al. 2008). Weathering intensity and redox 
conditions affect the δ65Cu values in the soil profiles 
(Liu et al. 2014b; Vance et al. 2016). Limited δ65Cu 
values were found in weakly weathered samples, but 
as the weathering intensity increased, the soil pro-
files generally showed that Cu in the O horizon was 
isotopically heavier than that in the A/B horizon 
(Bigalke et al. 2011; Vance et al. 2016). In addition, 
δ65Cu values in soil profiles changed with the redox 
conditions. The anoxic conditions could be enhanced 
with increasing annual precipitation, and 65Cu was 
lost together with a reduction in minerals from the 
soil profiles (Vance et al. 2016). For example, lower 
δ65Cu values (−  1.09‰) were found in the B hori-
zon at site 2 of Maui because heavy Cu moved out 
of the soil and then complexed to aqueous organic 
species, and light Cu was retained in soils that were 
sorbed on Fe oxide phases. However, when the loss 
of Cu becomes extreme, the δ65Cu values of the 
residual pool in the soil profiles shift to heavier iso-
topes due to the reduction of Fe oxides in the resid-
ual pool. Because of the relative light Cu loss during 
the reduction of Fe oxides, which was sorbed on Fe 
oxide phases and then lost, the δ65Cu values returned 
towards the protolith with the loss of Cu (Vance et al. 
2016).

However, the patterns of δ65Cu values in pod-
zols were mainly due to the high affinity of Cu with 
organic matter, and organic complexation might dom-
inate the vertical differentiation of Cu isotopes dur-
ing pedogenetic processes in developed podzols. The 
complexation between Cu and SOM and then illuvia-
tion might be the reason for the elevated δ65Cu val-
ues in the underlying B horizons of podzols (Bigalke 
et  al. 2011), while the δ65Cu values are different 
between the A and E horizons, which is ascribed to 
biogeochemical cycling and anthropogenic influence, 
but the main contributors are obscured. For example, 
Vance et  al. (2016) demonstrated that biolifting and 
fractionation by vegetation could explain the δ65Cu 

Fig. 5   Summary data of δ65Cu values in different soil hori-
zons and types, according to IUSS Working Group WRB, 
2014, the common master (upper case, such as organic layer 
(O horizon), topsoil (A horizon), subsoil (B horizon), parent 
material (C horizon)) is used. (Babcsanyi et al. 2016; Bigalke 
et  al. 2013, 2010a, 2011; Blotevogel et  al. 2018; Dotor-
Almazan et al. 2017; Fekiacova et al. 2015; Kusonwiriyawong 
et al. 2017; Mihaljevic et al. 2019; Vance et al. 2016)
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values in the surface horizons (AEh horizons) at the 
podzols of Glen Feshie.

5.2 � Integrated weathering profiles and isotope 
fractionation during weathering

The net retention and fraction of Cu during weath-
ering and pedogenetic processes is controlled by the 
sorption or coprecipitation of aluminosilicate and 
Fe/Mn oxides in clay minerals and organic matter in 
soils (Al-Sid-Cheikh et al. 2015; Bigalke et al. 2011; 
Lotfi-Kalahroodi et al. 2019; Vance et al. 2016). The 
tau parameter (τ) can be used to quantify the net loss 
or gain of an element relative to the parent material 
(Chadwick et al. 1990) Eq. (4):

where C is the measured concentration, i is the ele-
ment of interest (i.e., Cu in this review), j is an 
immobile reference element (Nb, Th, Ti or Zr), h is 
the weathering product, and p is the unaltered parent 
lithology. Figure  6a shows the relationship between 
τ and δ65Cu values for the data from the literature 
(Little et  al. 2019; Liu et  al. 2014b; Lv et  al. 2016; 

(4)�i∕j =

(
Ci∕Cj

)
h(

Ci∕Cj

)
p

− 1

Vance et al. 2016). There are two tendencies between 
τ and δ65Cu values: (i) δ65Cu values decreased with 
increased Cu loss because 65Cu adsorbed on Fe 
oxides and then lost during weathering, while rela-
tively light Cu was retained in soils; (ii) δ65Cu values 
increased with increased Cu loss when Cu was lost 
together with clay minerals during extreme weather-
ing, and δ65Cu values returned towards the protolith 
with the loss of Cu (Vance et al. 2016). When Cu is 
retained through binding to soil colloids, the values of 
∆65Curetained-solution are higher than 0‰, such that Cu 
can be adsorbed on the surface of Fe oxides and can 
be complexed by organic matter (Bigalke et al. 2010b; 
Contin et  al. 2007; Seda et  al. 2016). However, Cu 
sorption may be limited to multicomponent systems 
(Henneberry et  al. 2012; Witzgall et  al. 2021). The 
reaction between inorganic cations and DOM can 
inhibit Cu sorption and thus sorption-induced Cu iso-
tope fractionation (Kappler et al. 2021; Martinez-Vil-
legas and Martinez 2008; Seda et al. 2016; Wu et al. 
2019).

Soil weathering plays an important role in matter 
cycling on the Earth’s surface from a large-scale per-
spective (Li et al. 2022; Liu et al. 2020; Moynier et al. 
2017). The integrated τ and ∆65Cu values for entire 
soil profiles can quantify the contribution of the soil 
system to matter cycling on the Earth’s surface. The 
integrated τ is expressed as follows Eq. (5):

where i is the element of interest (i.e., Cu), h refers to 
each horizon and t refers to the entire profile, p is the 
density for individual horizons and z represents the 
thickness for individual horizons (Vance et al. 2016). 
Figure 6b plots the τ data from the literature versus 
integrated soil ∆65Cusoil-parent material. These results 
show that Cu is lost from the soil profile during 
weathering under natural conditions. The Cu that is 
lost shows an enrichment in 65Cu when compared to 
the parent material and residual soils. However, both 
∆65Cusoil-parent material and � int

i
 may have positive values 

when perturbed by human activities (Fig. 6b).

(5)�
int
i

=
∑ (

�hphzh
)

(ptzt)

Fig. 6   Summary data for soils studied in the form of τCu and 
Cu isotope (a) and isotope compositions integrated over the 
entire soil profile studied (b), to assess the overall impact of 
depletion by chemical weathering on Cu isotopes
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6 � Copper isotope fractionation in plant–soil 
systems

6.1 � Copper isotope fractionation during root uptake

The acquisition of Cu from soils by roots has 
two efficient strategies, including strategy I and 
strategy II (Printz et  al. 2016). Cu isotope frac-
tionation exists for both uptake strategies in 
plant–soil systems, and this review suggests that 
strategy I plants (mean δ65Cuwhole-plant = − 0.61‰) 
take up 63Cu, while strategy II plants (mean 
δ65Cuwhole-plant = − 0.39‰) fractionate less towards 
light isotopes. The mean δ65Cuwhole-plant values of 
strategy I and strategy II plants are similar to the 
research of Jouvin et  al. (2012), who compared 
the isotope fractionation of Cu in tomato (strat-
egy I plants) and oat (strategy II plants). They 
observed that light Cu isotopes were enriched in 
both plant species, but strategy I plants had rela-
tively large degrees of Cu isotope fractionation 
(∆65Cuwhole plant-solution≈−1‰) between the plant and 
related nutrient solution compared with strategy II 
plants (− 0.20‰ < ∆65Cuwhole plant-solution < − 0.11‰). 
The authors ascribed this to higher levels of soluble 
Cu observed in the rhizosphere of strategy I plants, 
compared to strategy II plants. Cu in the rhizos-
phere of strategy I plants could be acidified through 
proton excretion via plasmalemma H+-ATPase 
and then exhibited a reduction process in strategy 
I plants, while Strategy II could be dependent on 
the complexation of Cu. However, Cu in the rhizos-
phere of strategy II plants relied on chelation. X-ray 
absorption spectroscopy (XAS) provides a possi-
bility to assess Cu speciation in situ (Kupper et al. 
2009; Mijovilovich et al. 2009). Ryan et al. (2013) 
concurrently used isotope fractionation and XAS 
to examine the uptake of Cu in plants and found 
that ∆65Curoot-solution was −  1.00‰ in strategy I 
plants, while ∆65Curoot-solution ranged from −  0.48 
to − 0.11‰ in strategy II plants. They pointed out 
that the light Cu isotope enrichment in both plant 
species could be attributed to the reduction of Cu 
(II) at the surfaces of the root cell membranes. Via 
combining the variation in ∆65Cu values with the 
results of Extended X-Ray Absorption Fine Struc-
ture (EXAFS), they found that the difference was 
mainly caused by a redox-selective transport dur-
ing translocation within strategy I plants, while 

strategy II plants showed no sign of dominant redox 
selection. Pękala et  al. (2011) collected evidence 
suggesting that the reduction process could result 
in a solution enriched in 65Cu, while 63Cu from 
the solution would reprecipitate as sulfide-phase 
minerals (e.g., chalcocite, bornite, enargite). Cu 
isotope signature of these processes was approxi-
mately + 3.06‰, and Lv et  al. (2016) pointed out 
that the isotope signature of Cu was more evident 
during redox oscillations. Additionally, Ryan et  al. 
(2014) found that the organo-complexation of Cu 
was preferentially enriched isotopically heavy Cu in 
laboratory experiments compared to aqueous ions, 
and ∆65Cucomplex-free values ranged from +  0.14 to 
+ 0.84‰.

6.2 � Copper isotope fractionation during translocation

The acquisition of Cu in plants is similar to Fe-
acquisition mechanisms via epidermal root cells, 
parenchyma and then endodermis and xylem (Kumar 
et al. 2021). Cu isotope fractionation associated with 
plant root uptake was first reported by Weinstein 
et  al. (2011), who observed that lighter Cu isotopes 
were similarly enriched in the shoots (stems, leaves 
and seeds), and δ65Cu values decreased from soils 
to shoots in both strategy I and strategy II plants (− 
0.94‰ < ∆65Cushoots-soil <  − 0.33‰). In this review, 
the isotope fractionation between different tissues 
shows that ∆65Custem-leaf and ∆65Culeaf-flower for strat-
egy I plants are 0.14‰ and -0.42‰, respectively, 
and ∆65Custem-leaf is 0.37‰ in strategy II plants. Dif-
fusion and convection have been assumed to be the 
two main mechanisms of Cu transport in stems and 
branches (Fig.  5) (Weinstein et  al. 2011). Li et  al. 
(2016) found that Cu transport in stems and branches 
may be controlled by convective transpiration flows. 
However, there was no isotope fractionation of Cu 
during convection. Active transport plays a crucial 
role in Cu translocation from stems and branches to 
leaves and leads to heavy Cu enrichment in leaves 
(Burkhead et  al. 2009; Curie et  al. 2009; Li et  al. 
2016). Cu isotope fractionation was considered to be 
in existence when Cu was transported from leaves to 
branches, then to flowers remobilization influence (Li 
et  al. 2016). Cu was remobilized from old leaves to 
flowers by transport proteins, such as yellow stripe-
like (ysl) oligopeptide transporter proteins (Burk-
head et  al. 2009; Curie et  al. 2009; Li et  al. 2016). 
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Lighter Cu isotopes were enriched in leaves, whereas 
heavier Cu isotopes were enriched in flowers, and the 
Cu isotope compositions varied in leaves and flowers 
in a complementary manner (Li et al. 2016). Moreo-
ver, δ65Cu values in flowers and leaves vary with the 
height of plants. Flowers in the lower height position 
were enriched in heavier Cu than those in the upper 
height position (Fig. 7).

Thus, the entry of Cu into plant cells is medi-
ated by transporter or complexes via various chemi-
cal reactions, which have an influence on the isotope 
fractionation of Cu (Caldelas and Weiss 2017; Palmer 
and Guerinot 2009; Ryan 2014) as demonstrated in 
Fig.  7 and summarized below: (1) desorption of Cu 
from the solid phase (shown here as organic matter), 
with 65Cu accumulating in the complexes; (2) Cu 
binding to various ligands in the xylem, the cytosol, 
or the vacuole, with 65Cu accumulating in the com-
plexes; (3) adsorption of Cu2+/Cu+ on to the xylem 
walls, resulting in xylem sap with 63Cu; (4) bulk 
flowed driven by transpiration, in favor of 63Cu; (5) 
xylem unloading into the leaf symplast by Cu trans-
porters at the plasma membrane, probably in favor 
of 63Cu; (6) diffusion of Cu cations in the sym-
plast, which would be faster for 63Cu; (7) activity of 

vacuolar transporters regulating Cu concentration in 
the cytosol, Cu available for transport, and Cu stor-
age during grain filling; δ65Cu values of the vacuolar 
Cu pool is probably determined by the vacuolar trans-
porters and Cu speciation in the vacuole; (8) phloem 
loading, mediated by transporters at the plasma mem-
brane, favors 63Cu; (9) reduction of Cu2+ to Cu+ in 
the xylem and subsequent uptake of the reduced spe-
cies into the phloem, in favor of 63Cu; (10) phloem 
unloading of Cu, mediated by transporters at the 
plasma membrane, in favor of 63Cu; (11) xylem- to 
phloem direct transfer, in favor of 63Cu.

7 � Summary and outlook

This study summarized information on Cu isotope 
compositions and fractionation in plant–soil sys-
tems, compiling numerous Cu biogeochemistry cycle 
information and research in one study. The major 
conclusions are as follows: (1) the main character-
istic Cu isotope signature that plants tend to be rich 
in 63Cu relative to soils, whereas sorption/desorption 
or coprecipitation/re-released of aluminosilicate and 
Fe/Mn oxides in clay minerals and organic matter in 

Fig. 7   Potential Cu translocation mechanisms and movements in plants and the discrimination of Cu isotopes. It is modified from 
Caldelas and Weiss (2017), Palmer and Guerinot (2009) and Ryan (2014)
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soils and biolifting are thought to control the mag-
nitude of isotope fractionation in different soil hori-
zons and types; (2) strategy I plants fractionate more 
towards light isotopes, due to the reduction of Cu(II) 
at the surfaces of the root cell membranes; (3) above-
ground tissues may be enriched in 65Cu relative to 
root tissues, while various chemical reactions (such as 
redox, diffusion, complexation and adsorption) influ-
ence the translocation of Cu and δ65Cu; and (4) com-
pared with parent materials and residue soils, the Cu 
lost during soil weathering is isotopically heavier dur-
ing soil weathering, except the perturbation of human 
activities.

Copper isotope fractionation in plant–soil systems 
can record metabolism and exchange during environ-
mental evolution. However, the current research is 
limited. Here we highlight some of the future direc-
tions for Cu isotope techniques in plant–soil systems 
as follows.

Firstly, the partitioning of Cu is controlled by 
many competing processes in plant–soil systems. 
Fe/Mn oxides and/or organic matter are the main 
absorbates that retain Cu in the solid phase. However, 
organic carbon (OC) has the potential to inhibit struc-
ture changes in Fe oxides and then alter the binding 
or retention of Cu. Thus, future research is needed to 
examine how does the coupled interactions between 
Fe, OM and Cu during the alteration of redox con-
ditions affect Cu retention or release under differ-
ent environmental conditions (Henneberry et  al. 
2012; Mejia et  al. 2018; Seda et  al. 2016). In par-
ticular, it is crucial to distinguish the variation in the 
δ65Cu value between Cu sorption and incorporation, 
which strongly influences Cu reactivity during redox 
changes (Little et al. 2019; Vance et al. 2016). Com-
bining Cu isotope analysis with advanced imaging 
and spectroscopic techniques, we can benefit gain-
ing fundamental knowledge at the micro- and molec-
ular-scales. Such information will further help us to 
predict how Cu availability will respond under sub-
merged conditions. This is crucial for paddy soils and 
wetlands, which frequently alter redox cycling condi-
tions and directly influence human health.

Secondly, phytoremediation tends to be a more 
sustainable approach to coping with meta-contami-
nated soils than traditional thermal or physico-chem-
ical techniques (Hou et al. 2020). Cu and its isotopes 
may therefore be an interesting marker for Cu migra-
tion and accumulation during the growth of plants, 

especially for hyper-accumulating plants. Future 
research is needed to combine Cu isotope techniques 
with genomics so as to decode the password of Cu 
accumulation in plants at the molecular scale. This is 
crucial for food safety and sustainability.

Thirdly, adequate prediction of pollutant distribu-
tion cannot be separated from the identification of 
pollution sources, which will be beneficial to global 
soil mapping (Hou et  al. 2020). However, the effect 
of using Cu isotope techniques to identify pollution 
sources is limited. Source identification and appor-
tionment can be better constrained by combining the 
isotopes of Cu and other elements as well as receptor 
modeling. Future research is needed on a cross view 
between Cu isotope techniques and other academic 
disciplines, for example, probability and statistical 
and artificial intelligence.
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