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Abstract 25 

Metals in soil are potentially harmful to humans and ecosystems. Stable isotope 26 

measurement may metals. In light 27 

of the rapid progress in this emerging field, we present a state-of-the-art overview of 28 

how useful stable isotopes are in soil metal source identification. Distinct isotope 29 

signals in different sources are the key prerequisites for source apportionment. In this 30 

context, Zn and Cd isotopes are particularly helpful for the identification of combustion-31 

related industrial sources, since high-temperature evaporation-condensation would 32 

largely fractionate the isotopes of both elements. The mass-independent fractionation 33 

of Hg isotopes during photochemical reactions allows for the identification of 34 

atmospheric sources. However, compared with traditionally used Sr and Pb isotopes 35 

for source tracking whose variations are due to the radiogenic processes, the 36 

biogeochemical low-temperature fractionation of Cr, Cu, Zn, Cd, Hg and Tl isotopes 37 

renders much uncertainty, since large intra-source variations may overlap the distinct 38 

signatures of inter-source variations (i.e., blur the source signals). Stable isotope 39 

signatures of non-metallic elements can also aid in source identification in an indirect 40 

way. In fact, the soils are often contaminated with different elements. In this case, a 41 

combination of stable isotope analysis with mineralogical or statistical approaches 42 

would provide more accurate results. Furthermore, isotope-based source identification 43 

will also be helpful for comprehending the temporal changes of metal accumulation in 44 

soil systems. 45 



3 
 

Keywords: stable isotopes; source apportionment; heavy metals; isotope fractionation; 46 

soil contamination. 47 

  48 



4 
 

1 Introduction 49 

Soil contamination is a public health concern and threat to sustainable development. 50 

In order to ensure healthy lives and promote well-being, the United Nations has set an 51 

ambitious goal to reduce the number of illnesses and deaths from soil contamination 52 

over the next decade (UN 2015). Potentially toxic elements in soil, including metals 53 

and metalloids, have aroused much attention owing to their toxicity and environmental 54 

persistence (Jing et al. 2019; Liu et al. 2019b; Wang et al. 2020b; Wang et al. 2019d; 55 

Zhang et al. 2020b). Moreover, they can bioaccumulate along food chains, thus 56 

aggravating the risk they present. Toxic metals such as cadmium (Cd), mercury (Hg) 57 

and lead (Pb) are among 58 

health concern, because of the negative effects on neurologic, renal, skeletal and 59 

respiratory systems . It is imperative to manage the 60 

risks associated with toxic metals wisely. To achieve this goal, it is valuable to 61 

understand the sources of metals in soil. 62 

Metals in soil can originate from various sources, either natural or anthropogenic (Hou 63 

et al. 2020a; Jia et al. 2020b). Rock weathering is the most important natural origin of 64 

toxic elements, with the lithology of the parent rock affecting the type of metal, the 65 

susceptibility to weathering, and the geochemical properties of the soil (Alloway 2013; 66 

Jia et al. 2020b). Human activities, such as coal combustion (Vanek et al. 2016), 67 

nonferrous metal mining and smelting (Liu et al. 2013), vehicle traffic (De Silva et al. 68 

2016), e-waste processing (Zhou et al. 2021), land irrigation with contaminated water 69 
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(Malan et al. 2015) and application of impure mineral fertilizers (Atafar et al. 2010), are 70 

exogenous inputs that increase the trace metal load of soils. These can be either point 71 

or non-point sources of pollution (Sherameti and Varma 2015; Zhang et al. 2019a).  72 

Isotope ratio analysi73 

in environmental samples (Chen et al. 2018; Hoefs 2018; Weiss et al. 2008). 74 

Numerous efforts have been made to distinguish the sources of metals in soil, water 75 

and air on the basis of isotopic variations among various environmental samples. The 76 

most widely used approach is the analysis of the Pb isotope mixture, because the 77 

markedly different isotope signals of different materials, which are attributable to the 78 

fact that three of four Pb isotopes originate from radioactive decay chains, were early 79 

analytically accessible (Cheng and Hu 2010; Schoene 2014). Moreover, in-situ 80 

fractionation of Pb isotope ratios in soils can usually be neglected, because the 81 

radiogenic differences in Pb isotope composition are big relative to the small isotope 82 

fractionation induced by biogeochemical processes (Cheema et al. 2020; Wiederhold 83 

2015). Provided that the Pb contamination of soil can be attributed to a two- or three-84 

end-member mixture of different sources, the individual Pb sources can be quantified 85 

(Cheng and Hu 2010; Stückrad et al. 2010; Wilcke et al. 2001). With the development 86 

of advanced mass spectrometers with high precision (i.e., multi-collector inductively 87 

coupled plasma-mass spectrometry (MC-ICP-MS)), other stable metal isotopes, such 88 

as Zn, Cd, Tl and Hg, have also emerged as tracers for anthropogenic contamination 89 

(Li et al. 2019; Mihaljevic et al. 2019; Wiggenhauser et al. 2019).  90 
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This review summarizes the current state-of-the-art of the use of stable isotopes for 91 

soil metal source identification purposes, with a focus on non-radiogenic metal 92 

isotopes. The phenomenon of isotope variation (either induced by fractionation or 93 

radiogenic processes) and implications for source apportionment are explored in-depth. 94 

The simultaneous source identification of multi-elements, and the posterior 95 

disentanglement of temporally changing metal sources are addressed. Finally, several 96 

challenges and potential research directions, including the better selection of a suitable 97 

isotope for source identification, and the joint application of multi-isotopes are put 98 

forward. 99 

2 Basic concepts and analysis methods 100 

2.1 Background 101 

Isotopes of an element are defined as atoms with the same number of protons but a 102 

different number of neutrons (Hoefs 2018). Isotopes can be divided into two categories. 103 

Stable isotopes had been created by the by the big bang and since 104 

then, while radioactive isotopes continuously decay into daughter isotopes of other 105 

elements (White 2015). Most elements in the periodic table consist of more than one 106 

stable isotope, but some elements occur monoisotopically (e.g., Be, F, Na, Al, P, Sc, 107 

Mn, Co, As, Y, Nb, Rh, I, Cs, Pr, Tb, Ho, Tm, Au, Bi, Pa).  108 

Geochemical processes have led to subtle variations in isotope ratios among different 109 

environmental samples (Hoefs 2018; White 2015). With the rapid development of 110 

advanced isotopic detection tools (Section 2.2), these subtle variations became 111 



7 
 

analytically accessible for soil scientists. By convention, the small variations in stable 112 

isotope ratios of non-radiogenic metals are expressed as delta values (Eq. 1): 113 

 114 

Where E refers to the element; x, y refers to the mass number (proton & neutron) of 115 

the two isotopes of the element, respectively; R refers to the abundance ratio between 116 

isotope x and isotope y; sa refers to the sample, and st refers to the arbitrarily selected 117 

and internationally agreed standard reference material.  118 

The convention was introduced early in the research of non-radiogenic isotopes of 119 

non-metal stable isotopes such as H and O by Craig (1961) to magnify the small 120 

differences in isotope ratios. The standard reference materials are often provided by 121 

agencies such as the Institute for Reference Materials and Measurements (IRMM), 122 

European Reference Materials (ERM) (in Europe) and the National Institute of 123 

Standards and Technology (NIST) (in USA) (Meier-Augenstein and Schimmelmann 124 

2019; Vogl and Pritzkow 2010). 125 

For most metals, variations in isotope ratios among environmental samples are caused 126 

by fractionation processes, such as evaporation/condensation, 127 

dissolution/precipitation, redox processes, adsorption/desorption, and biological 128 

cycling (except for Sr and Pb, where radiogenic processes play a vital role) 129 

(Wiederhold 2015). Isotope fractionation is the partitioning of isotopes between two 130 

chemical species or physical phases (e.g., free Cd2+ vs organo-Cd complexes, Cu+ vs 131 

Cu2+, or liquid vs vapor during evaporation/condensation processes, referred to as A 132 
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and B), which is caused either by the separation of isotopes in equilibrium systems 133 

(equilibrium fractionation) or during incomplete chemical or physical processes such 134 

as diffusion in soil solution or biological metabolism (kinetic fractionation) (Cheema et 135 

al. 2020; Hoefs 2018; Wiederhold 2015). Equilibrium fractionation is caused by isotope 136 

exchange reactions favoring the heavy isotopes in stable bonding environments, while 137 

kinetic fractionation is induced by the different reaction rates of isotopes favoring the 138 

light isotopes in the product.  139 

Both equilibrium and kinetic fractionation are driven by the mass of isotopes (mass-140 

dependent fractionation (MDF)). The apparent isotope fractionation by an equilibrium 141 

or kinetic process is frequently given as shown in Eq. (2). 142 

 143 

For some metal isotopes (e.g. Hg, U, Tl), fractionation can also be mass-independent. 144 

The mechanisms involved in mass-independent fractionation (MIF) are not fully 145 

understood, but the nuclear volume effect (NVE) as well as the magnetic isotope effect 146 

(MIE) may contribute to this phenomenon. Nuclear volume expands with the increased 147 

number of neutrons, but the expansion caused by odd isotopes would be smaller than 148 

that for an even isotope, thus resulting in NVE-induced MIF. In contrast, MIE would 149 

fractionate isotopes due to their nuclear spin and magnetic moment (Hoefs 2018). For 150 

a mechanistic understanding of NVE and MIE, we refer readers to Bigeleisen (1996) 151 

and Buchachenko (2001), who have provided in-depth discussions. 152 
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2.2 Isotope analysis methods 153 

The development of metal isotope geochemistry partly relies on analytical 154 

improvements in mass spectroscopy (MS). Among the plethora of MS techniques 155 

developed in the 20th century, thermal ionization mass spectroscopy (TIMS) was once 156 

regarded as the only reliable way for the precise determination of isotope ratios of 157 

metals. The purified sample solution is loaded onto the metal filament, which will be 158 

heated as the ionization source to the mass spectrometer (Figure S1). Since the late 159 

1990s, multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) 160 

has become available as an alternative to TIMS for metal isotope analysis (Hirata 1996; 161 

Walder et al. 1993), and has emerged as the most widely adopted technique in stable 162 

isotope studies in the 21st century (Irrgeher and Prohaska 2016; Yang 2009). Samples 163 

are introduced directly in solutions and ionized by an argon plasma. Compared with 164 

quadrupole-based ICP-MS (ICP-QMS) with single collector, both TIMS and MC-ICP-165 

MS adopt a multi-collector setup, enabling the simultaneous quantification of different 166 

isotopic masses (the key to achieving the required high precision of ~0.1 ) (Figure 167 

S1) (Wiederhold 2015; Yang et al. 2018). 168 

High-quality pretreatment is the prerequisite for the determination of metal stable 169 

isotopes. For soil samples, digestion (e.g., using mixtures of strong acids including 170 

hydrofluoric acid, HF) or extraction techniques (e.g., sequential extraction, acid 171 

leaching) would bring metals to solutions. After that, the liquid samples usually must 172 

be further purified using element-specific ion exchange chromatography (Figure S2) 173 
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(Li et al. 2019) to separate the target from other elements, which potential interfere in 174 

the measurement of the target element. Once the sample solution with various 175 

interfering cations passes through the ion exchange resin (e.g., AG MP-1 anion 176 

exchange resin) (Bio-Rad Laboratories 2020), the ions will partition between the liquid 177 

(i.e., solution) and solid (i.e., resin) phase. Due to the element-specific partitioning 178 

coefficients, different elements will be separated during the elution process (Figure S2) 179 

(Li et al. 2019). The key to the success of this process is a high recovery (usually >95%) 180 

of the target element to avoid any artificial isotope fractionation and low procedural 181 

blank values. To reach the latter, the digestion and sample purification are done in 182 

metal-free clean-air environment. In the later measurement with MC-ICP-MS the 183 

instrumental drift and the mass-specific measurement bias must be corrected with the 184 

help of sample bracketing and isotope doping/spiking approaches, in which non-target 185 

isotopes of the same element or of another element with similar mass are added to the 186 

sample prior to measurement. For detailed discussion regarding sample pretreatment, 187 

isotope analysis instrumentation and mass bias correction methods, we refer readers 188 

to Irrgeher and Prohaska (2016) and Yang et al. (2018). 189 

2.3 Source apportionment strategies 190 

Source apportionment is based on variations in isotope ratios amongst environmental 191 

samples. If the individual source signals are sufficiently distinct, source contributions 192 

can be calculated with mixing models. In the simplest scenario, if the isotope ratios of 193 

two sources (e.g., natural vs anthropogenic) are known, the contribution of each source 194 
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to soil metal contamination can be calculated using a simple binary mixing model (Eq. 195 

3-4) (Weiss et al. 2008; Wiederhold 2015): 196 

 197 

 198 

where  refers to the  value in soil, ,  represents the  values of the 199 

sources A and B,  and  are contribution rate of sources A and B to soil metal 200 

accumulation, respectively. Given the measured values of ,  and , the 201 

contribution rates can be calculated quantitatively (Eq. 5-6): 202 

 203 

 204 

However, this simple two-end model cannot provide information on exact contributions 205 

of multiple anthropogenic sources (e.g., coal combustion, traffic activities, mining and 206 

smelting, irrigation, fertilization, etc.). The prerequisite of a binary model can be tested 207 

by plotting the reverse of the target element concentration vs the isotope ratio of this 208 

element. If there is a close linear correlation, it can be assumed that there are indeed 209 

only two sources. If not, there are either more sources or other processes that blur the 210 

source signals. In this context, much more complicated source apportionment models 211 

have been proposed: 212 

1) Mass balance-based tertiary mixing model (Li et al. 2011): 213 

Assuming  kilograms of contaminated soil sample with metal concentration  214 

is a mixture of  kilograms of natural soil with metal concentration ,  215 
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kilograms of dust from anthropogenic source A with metal concentration ,  216 

kilograms of dust from anthropogenic source B with metal concentration , soil mass 217 

balance (Eq. 7), metal mass balance (Eq. 8) and aforementioned mixing law of isotope 218 

ratio (Eq. 9) enable the quantitative calculation of three sources: 219 

 220 

 221 

 222 

Eq. 7-9 can also be expressed using contribution rates ,  and  (Eq. 10-12): 223 

 224 

 225 

 226 

This system with three independent equations and three unknowns (i.e., , , ) 227 

will have a unique solution. 228 

2) Tertiary mixing model (with multi-isotopes) (Luo et al. 2015; Wang et al. 2019a): 229 

Another feasible way to have a unique solution to each source contribution is to add 230 

the number of independent equations through measuring multi-isotopes (Eq. 13-15): 231 

 232 

 233 

 234 

where ,  refer to different isotopes. 235 

3) Isosource model (Chen et al. 2018; US EPA 2017): 236 
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Isosource aims to calculate the contributions of each sources in an underdetermined 237 

system (there are fewer independent equations than unknowns). As an open-access 238 

source apportionment software recommended by US EPA, it reports all the possible 239 

combinations of each source contributions 240 

The basic equations in the software are as follows (Eq. 16-17): 241 

 242 

 243 

For more information regarding this model, we refer readers to (US EPA 2016) and 244 

(US EPA 2017). 245 

3 Stable isotope analysis for soil metal source apportionment 246 

3.1 Chromium (atomic number Z = 24) 247 

Chromium has four stable isotopes, including 50Cr (4.3%), 52Cr (83.8%), 53Cr (9.5%) 248 

and 54Cr (2.4%) (Hoefs 2018). Chromium isotope variations are described as follows 249 

(Eq. 18): 250 

 251 

The internationally used reference material for Cr is the NIST SRM 979 standard 252 

(Hoefs 2018; Qin and Wang 2017). Chromium is a redox-sensitive element, existing in 253 

the environment as Cr(III) and Cr(VI). Hexavalent oxyanions (i.e., CrO4
-, HCrO4

2-) are 254 

highly mobile and toxic, while the trivalent Cr3+ is the dominant form in minerals with 255 

low mobility (Alloway 2012). Redox transformation is the major fractionation 256 

mechanism for this element (Qin and Wang 2017). 257 
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According to the literature reviewed, Cr isotopes are rarely used for soil metal source 258 

identification purposes as described in Section 2.3. This is probably because the 259 

fractionation during redox transformation of this element would be significant, fading 260 

the distinct isotope signatures among different sources. For instance, the Cr isotope 261 

signature of groundwater in the vicinity of a coal-fired power plant ( ) 262 

was heavier than both natural spring ( ) and anthropogenic source 263 

of fly ash ( ) as a result of Cr(VI) reduction, making it impossible for 264 

source apportionment (Kazakis et al. 2017).  265 

In comparison, Cr isotope analysis has been extensively used for the process tracing 266 

of redox transformation between Cr(III) and Cr(VI) species. During Cr(VI) reduction 267 

processes, the oxyanion CrO4
2- with lighter 52Cr would be reduced more quickly than 268 

the oxyanion with heavier 53Cr. Therefore, the products Cr(III) would be isotopically 269 

lighter (Ellis et al. 2002; Jonhson and Bullen 2004). Hence many successful attempts 270 

have been made to monitor Cr(VI) reduction (especially in groundwater) with Cr 271 

isotope compositions 272 

2014; Jamieson-Hanes et al. 2012; Raddatz et al. 2011). For further information 273 

regarding Cr isotope-based process tracing, we refer readers to Wiederhold (2015) 274 

and Qin and Wang (2017). 275 

3.2 Copper (Z = 29) 276 

There are two stable isotopes of copper (Cu), namely 63Cu (69.1%) and 65Cu (30.9%) 277 

(Hoefs 2018). Variations in Cu isotope are typically depicted as follows (Eq. 19): 278 
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 279 

Usually, Cu isotope ratio are given relative to NIST SRM 976 Cu solution, which is, 280 

however, no longer available. ERM AE 633 and ERM AE 647 are also used, which 281 

have been calibrated against NIST SRM 976 (Hoefs 2018; Moeller et al. 2012). 282 

Low-temperature fractionation is the major cause of Cu isotopic variations. Adsorption 283 

onto soil minerals and organic matter (Bigalke et al. 2010; Li et al. 2015), 284 

transformation of Cu(I) and Cu(II) species (Kusonwiriyawong et al. 2016; Zhao et al. 285 

2019b), mineral dissolution (Viers et al. 2018; Wall et al. 2011) and biological activities 286 

(Jouvin et al. 2012; Navarrete et al. 2011) can lead to large fractionation (Figure 1, all 287 

isotope ratios are converted to ). The  values of most 288 

samples vary from -2  to +2  (Figure 1). In rock and ore samples, a much larger 289 

variation in  values has been reported (from -6.4  to +19.4 ) (Figure 290 

1). Considering that the variations caused by low-temperature fractionation within a 291 

single source are usually much larger than the inter-source variations (i.e., the isotopic 292 

variations between different sources), source identification using Cu isotopes may be 293 

difficult. A limited number of studies have attempted to identify Cu sources using 294 

isotope analysis but have failed. For instance, Dótor-Almazán et al. (2017) found that 295 

the  values of mine tailings fell within a wide range of -296 

The intra-source fractionation of Cu isotopes during the diverse low-temperature 297 

processes used in mining caused such large variations. It was impossible for source 298 

apportionment to be undertaken since this range overlapped with isotopic signatures 299 
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of natural sources (-  Overall small variations of the 300 

 values and comparatively large intra-source variations lead to overlapped Cu 301 

isotope ratios between natural (e.g., bedrock) and various anthropogenic sources, 302 

rendering source tracking difficult or impossible.  303 

 304 

Figure 1 Variations in Cu isotopic signatures among environmental samples. All 305 

isotope ratios are converted to . Compared with high-temperature mass-306 

dependent isotope fractionation, low-temperature processes, such as mineral 307 

dissolution & precipitation, oxidation & reduction, and adsorption are the major causes 308 

of Cu isotope fractionation. The  value of most samples fell within -2  ~ 309 

+2 , except for some rock and ore samples. Data sources: parent rock (Bigalke et al. 310 

2010; Dótor-Almazán et al. 2017; Liu et al. 2014; Lv et al. 2016; Mathur et al. 2012; 311 
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; soil (Bigalke et al. 2013; Bigalke et al. 2010; Bigalke et al. 2011; 312 

Blotevogel et al. 2018; Dótor-Almazán et al. 2017; Fekiacova et al. 2015; Kribek et al. 313 

et al. 2016); ore (Dótor-Almazán et 314 

al. 2017; Maréchal et al. 1999; Mason et al. 2005; Wilson et al. 2016; Zhu et al. 2000); 315 

smelting (Bigalke et al. 2010; Fekiacova et al. 2015; Kribek et al. 2018; Zeng and Han 316 

2020); coal combustion ; waste 317 

incineration (Fekiacova et al. 2015); traffic activities (Dong et al. 2017); pesticides 318 

(Blotevogel et al. 2018). 319 

 320 

3.3 Zinc (Z = 30) 321 

Zinc has five stable isotopes, namely 64Zn (48.6%), 66Zn (27.9%), 67Zn (4.1%), 68Zn 322 

(18.8%), 70Zn (0.6%) (Hoefs 2018). Zn isotope variations are usually depicted as the 323 

 value (Eq. 20): 324 

 325 

The JMC-Lyon and the IRMM-3702 standard are used as international standard 326 

materials for Zn isotopes (Araújo et al. 2019; Hoefs 2018).  327 

Evaporation/condensation during coal combustion and Zn smelting result in strong Zn 328 

isotope fractionation of stack emissions, which is useful for the source apportionment 329 

of coal combustion and smelting-induced soil contamination (Figure 2, all isotope ratios 330 

are converted to ). During coal combustion, organic matter-bound 331 

heavier Zn isotopes tend to be preferentially released to the gaseous phase, resulting 332 
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in higher  values in fly ash as compared to the original coal (Borrok et al. 2010; 333 

Gonzalez and Weiss 2015) (Figure 2). The flue gas samples from a Pb-Zn refinery 334 

were enriched in lighter Zn isotopes compared with the original ore samples, since 335 

lighter isotopes are more likely to be released during high-temperature (1300 K) 336 

volatilization/condensation in the smelter (Mattielli et al. 2009). Other geochemical 337 

processes, such as dissolution, pH-dependent hydration, adsorption and biological 338 

activities also contribute to the fractionation (Bigalke et al. 2010; Desaulty and Petelet-339 

Giraud 2020; Hoefs 2018; Imseng et al. 2019b; Li et al. 2019). For instance, primary 340 

sphalerite dissolution and reprecipitation lead to large variations in  values for 341 

secondary Zn-containing minerals (Mondillo et al. 2018) (Figure 2). Heavier Zn 342 

isotopes are more likely to be adsorbed onto oxides, clay, carbonates and silicates due 343 

to the preferential incorporation of heavier Zn into the fourfold-coordinated tetrahedral 344 

complexes (Bryan et al. 2015; Gou et al. 2018). Microorganisms and plants may 345 

passively uptake lighter isotopes of Zn when diffusive transport dominates. In 346 

comparison, if Zn concentrations are relatively low, organisms may actively uptake 347 

heavier ones with the help of membrane transport proteins (Jouvin et al. 2012; Tang et 348 

al. 2016). Furthermore, heavier Zn isotopes are more likely to form complexes with the 349 

phytosiderophore that can be easily uptaken by rice plants . For 350 

detailed discussions on Zn isotope fractionation mechanisms, we refer readers to 351 

Desaulty and Petelet-Giraud (2020). 352 

Zn isotope ratios have been shown to be more effective in soil metal source 353 
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identification than Cu isotope ratios, especially when industrial sources (e.g., coal 354 

combustion, smelting, incineration) play a dominant role in soil contamination (Figure 355 

2). For instance, Araújo et al. (2018) found that the  values of the 356 

contaminated mangrove sediments (+0.36  ~ +0.84 ) fell between those of natural 357 

detrital source (+0.28 ) and anthropogenic electroplating activities (+0.86 ), making 358 

it possible for source apportionment with a simple mixing model. Similarly, Bigalke et 359 

al. (2010) were able to explain the  values of the Oa horizon (the most 360 

decomposed organic horizon in forests), the mineral soil and the bedrock in Slovakia 361 

as a mixture of the two end members (i.e., Zn-isotopically light emissions of a brass 362 

foundry and Zn-isotopically heavy bedrock). However, Bigalke et al. (2010) also 363 

cautioned that the smelter signature was overprinted by in-situ biogeochemical Zn 364 

fractionation in the Oi and Oe horizons (little to intermediately decomposed organic 365 

horizons). Xia et al. (2020) observed that the distinct  values among 366 

tailings (-0.42 ), dust (-0.24 ) and the reference clean soil (-0.16 ) samples 367 

enabled the quantitative estimation of mining-induced contamination in the vicinity of 368 

a Zn mine. However, compared with industrial sources with unique Zn isotope ratios, 369 

Zn isotopic compositions of other sources (e.g., waste incineration, traffic activities, 370 

fertilizers)  (Figure 2). 371 
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 372 

Figure 2 Stable Zn isotope ratios of various samples. All isotope ratios are converted 373 

to . Minimum, first quartile, median, third quartile and the maximum 374 

values are presented as vertical bars, while the mean values are shown as the stars 375 

within the box. Compared with industrial emissions (i.e., coal combustion, mining and 376 

metal smelting), Zn isotopic signatures of other sources may not be distinct enough. 377 

Relatively large variations in ore samples may result from the dissolution and 378 

precipitation of sulfide minerals. Fly ash samples tend to be isotopically heavier, while 379 

bottom ash samples are lighter than the raw coal, which is probably because heavy 380 

isotopes associated with the coal organic matter will be preferentially released to the 381 

vapor phase. Data sources: parent rock (Araújo et al. 2017; Bigalke et al. 2010; 382 

383 
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et al. 2016; Viers et al. 2007; Xia et al. 2020); soil (Bigalke et al. 2013; Bigalke et al. 384 

385 

et al. 2016; Viers et al. 2007; Xia et al. 2020); ore (Aebischer et al. 2015; Araújo et al. 386 

387 

1999; Martin et al. 2018; Mason et al. 2005; Matt et al. 2020; Mattielli et al. 2009; 388 

Mondillo et al. 2018; Sivry et al. 2008; Xia et al. 2020); smelting (Araújo et al. 2018; 389 

Bigalke et al. 2010; Martin et al. 2018; Mattielli et al. 2009; Yin et al. 2018); raw coal 390 

(Borrok et al. 2010; Gonzalez and Weiss 2015); fly ash (Gonzalez and Weiss 2015; 391 

Sivry et al. 2008); bottom ash (Borrok et al. 2010; Gonzalez and Weiss 2015); fertilizer 392 

(Chen et al. 2008; Xia et al. 2020); sewage sludge (Chen et al. 2008); traffic activities 393 

(Cloquet et al. 2006a; Dong et al. 2017); waste incineration (Cloquet et al. 2006a; 394 

Martin et al. 2018). 395 

 396 

3.4 Strontium (Z = 38) 397 

Strontium (Sr) has four stable isotopes, 84Sr (0.6%), 86Sr (9.9%), 87Sr (7.0%), and 88Sr 398 

(82.6%) (Hoefs 2018). One isotope (87Sr) is influenced by radiogenic processes, while 399 

the others (84Sr, 86Sr and 88Sr) are only affected by fractionation (Bullen 2014; 400 

Wiederhold 2015). The standard reference material for Sr isotope ratios is NIST SRM 401 

987 (Hoefs 2018; Wang et al. 2019c), but different to the non-radiogenic metals, the 402 

isotope ratios of partly radiogenic elements are not given in the delta notation but as 403 

ratios. This has historic reasons and is also attributable to the fact that the Sr isotope 404 
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ratios are sufficiently distinct among different materials. 405 

Variations in Sr isotopes (i.e., the 87Sr/86Sr ratio) are induced both by radiogenic 406 

processes (87Rb-87Sr beta decay, half-life 48.8 billion years) and isotope fractionation 407 

(e.g., carbonate precipitation) (Sherman et al. 2015; Wiederhold 2015). Different ages, 408 

lithology and geochemical compositions of the source materials, as well as various 409 

hydrological processes (e.g., precipitation and dissolution) result in discernible 410 

variations of Sr isotopic signatures among environmental samples (Bullen 2014; Hoefs 411 

2018; Wang et al. 2020e; Wiederhold 2015) (Table 1). Current findings suggest that 412 

fertilizers, irrigation waters, and urban emissions share similar 87Sr/86Sr ratios, while 413 

pesticides, ores and coal fly ash samples are isotopically heavier (Table 1). The 414 

relatively subtle intra-source variations (presented as the standard deviation in Table 415 

1) favor the source identification, which is, however, in some circumstances, 416 

compensated by overlapped inter-source 87Sr/86Sr isotopic signatures (Table 1). For 417 

instance, fertilizers, vehicle exhausts and solid wastes usually possess similar isotopic 418 

signatures. 419 

Strontium isotope analysis has nevertheless been successfully employed in soil metal 420 

source apportionment (Ayuso and Foley 2018; Erel and Torrent 2010; Kong et al. 2018; 421 

Li et al. 2016). For instance, Sun et al. (2017) have found that the concentration of Sr 422 

in soil samples collected along a highway correlated well with the 87Sr/86Sr ratio (p < 423 

0.01), indicating that the Sr isotope ratio is mainly controlled by the mixing sources of 424 

parent material and vehicle emissions (unpolluted soils has lower Sr concentrations 425 
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and higher 87Sr/86Sr ratios, while contaminated soils enriched by anthropogenic Sr has 426 

lower 87Sr/86Sr ratios). To overcome the problems with not sufficiently distinct source 427 

signals of Sr isotope ratios, Sr isotopes are frequently analyzed together with Pb 428 

isotopes for the quantitative identification of multi-sources. Because both Sr and Pb 429 

isotopes ratios are partly caused by radioactive decay (Section 3.8), results from both 430 

approaches often corroborate each other (Du et al. 2017; Lin et al. 2016; Sun et al. 431 

2018; Tan et al. 2017).  432 

 433 

Table 1 The 87Sr/86Sr ratios of different samples as a result of radioactive decay and 434 

isotope fractionation. 435 

Sample 87Sr/86Sr (mean ± SD) References 

Agricultural sources 

Fertilizer (n=27) 0.709 ± 0.002 (Ayuso and Foley 2018; Delattre et al. 

2020; Hosono et al. 2007; Kume et al. 

2010; Thomsen and Andreasen 

 

Irrigation water (n=10) 0.709 ± 0.001 (Delattre et al. 2020; Hosono et al. 

2007; Kume et al. 2010; Techer et al. 

2017) 

Pesticide (n=3) 0.727 ± 0.028 (Techer et al. 2017) 

Industrial sources 

Fly ash (n=65) 0.713 ± 0.004 (Hurst and Davis 1981; Hurst et al. 

1991; Lin et al. 2016; Ruhl et al. 2014; 

Wang et al. 2019c; Wang et al. 

2020e; Widory et al. 2010) 

Ore (n=8) 0.716 ± 0.007 (Lin et al. 2016; Tan et al. 2017) 

Smelting (n=2) 0.711 ± 0.002 (Geagea et al. 2008; Widory et al. 

2010) 

Cement production 

(n=6) 

0.710 ± 0.001 (Geagea et al. 2008; Wang et al. 

2019c; Widory et al. 2010) 

Urban sources 

Traffic emission (n=11) 0.710 ± 0.001 (Geagea et al. 2008; Lin et al. 2016; 

Wang et al. 2019c) 

Solid waste (n=10) 0.709 ± 0.001 (Geagea et al. 2008; Wang et al. 
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2019c) 

 436 

3.5 Cadmium (Z = 48) 437 

Cadmium has eight stable isotopes: 106Cd (1.2%), 108Cd (0.9%), 110Cd (12.5%), 111Cd 438 

(12.8%), 112Cd (24.1%), 113Cd (12.2%), 114Cd (28.7%), and 116Cd (7.5%) (Hoefs 2018). 439 

The  value is often adopted to depict Cd isotope variations (Eq. 21): 440 

 441 

NIST SRM 3108 is the commonly used reference material for this element (Hoefs 442 

2018).  443 

Variations in Cd isotopes are largely governed by two major processes, namely 444 

evaporation/condensation and biological activities (Barraza et al. 2019; Hoefs 2018; 445 

Salmanzadeh et al. 2017). Since Cd isotopes fractionate during 446 

evaporation/condensation, detectable isotope fractionation will occur during coal 447 

combustion and metal smelting (Fouskas et al. 2018; Gao et al. 2013; Hoefs 2018) 448 

(Figure 3, all isotope ratios are converted to ). Results from two 449 

coal-fired power plants in US suggest that heavier Cd isotopes will be enriched in fly 450 

ash than in bottom ash during coal combustion (Fouskas et al. 2018). This is because 451 

heavier isotopes will be preferentially condensed onto fine fly ash particles during flue 452 

gas cooling (Fouskas et al. 2018) (Figure 3). During metal smelting and refining, 453 

significant enrichment of heavier Cd isotopes in the products is observed relative to 454 

the starting materials (  shifted from -0.13  ~ +0.18  to +0.39  ~ 455 

+0.52  after roasting, sulfide leaching and purification), which is because lighter 456 
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isotopes are preferentially released to the flue gas during evaporation (>900 °C) and 457 

emitted to the atmosphere (Shiel et al. 2010). It is noteworthy that the fractionation 458 

patterns of Cd and Zn are quite similar during evaporation-condensation. For coal 459 

combustion, heavier isotopes would enrich in fly ash (Fouskas et al. 2018; Gonzalez 460 

and Weiss 2015). However, for metal smelting, heavier ones would retain in products 461 

(Mattielli et al. 2009; Shiel et al. 2010). The underlying mechanisms should be further 462 

explored. 463 

Biological activities will lead to the preferential enrichment of heavier or lighter isotopes 464 

in organisms. Heavier Cd isotope compositions than in bulk soil were observed in pod 465 

husks and leaves of cacao beans (Barraza et al. 2019). A recent study by Zhou et al. 466 

(2020) found that the Cd hyperaccumulator S. plumbizincicola tended to accumulate 467 

heavier Cd during repeated phytoextraction due to the presence of specific Cd 468 

transporter proteins. However, for the Cd hyperaccumulator Solanum nigrum L. and 469 

Cd-tolerant non-hyperaccumulator Ricinus communis L. a reverse trend was observed, 470 

with both plants tending to accumulate lighter Cd relative to a hydroponic solution (Wei 471 

et al. 2018). The finding that wheat (Triticum aestivum L.) and barley plants (Hordeum 472 

vulgare L.) showed a heavier Cd isotope ratio than the bulk soil but a lighter or similar 473 

one than the plant-available Ca(NO3)2-extractable pool or the soil solution (Imseng et 474 

al. 2019a; Wiggenhauser et al. 2019), reconciles the above apparently contradicting 475 

results. Retranslocation of Cd in plants from roots to shoots and grains of wheat and 476 

barley, and from roots to stems and leaves of S. nigrum favored the heavy Cd isotopes 477 
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(Imseng et al. 2019a; Wei et al. 2018; Wiggenhauser et al. 2019), while the plant-478 

internal stable Cd isotope fractionation in R. communis showed variable fractionation 479 

directions (Wei et al. 2018), possibly due to different plant strategies to cope with Cd.  480 

 481 

Cadmium isotopes can be powerful indicators of industrial sources (Figure 6). Wang 482 

et al. (2019b) found that Cd isotope compositions for agricultural soils collected from 483 

the Jianghan Plain, China were similar with those for smelter dust and incinerator fly 484 

ash, indicating that industrial origins, such as smelting and refining processes are the 485 

major Cd sources. This finding was corroborated by traditional source apportionment 486 

strategies, such as Pb isotope analysis and statistical analysis approaches. Wen et al. 487 

(2015) analyzed Cd isotope signatures in a typical Pb-Zn mining area in China, and 488 

found that compared with unpolluted soils ( ), isotopes in Cd-489 

enriched soils in the vicinity of the Pb-Zn mine were lighter ( ). Apart 490 

from industrial sources, comparison of Cd isotope signatures between phosphate 491 

fertilizers and the agricultural soils may also provide information on agricultural activity-492 

dominated Cd accumulation (Salmanzadeh et al. 2017), but the variability of Cd 493 

isotopic signatures within the agricultural sources may not be sufficiently distinct 494 

(Figure 3). Furthermore, the intra-source low-temperature Cd isotope fractionation, 495 

such as the biological MDF (Barraza et al. 2019) and adsorption to soil minerals or 496 

organic matter (Chrastný et al. 2015) will add difficulty to source identification, since 497 

the redistribution of soil Cd isotope signals may overlap with the distinct Cd isotope 498 
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signatures of the external input (i.e., industrial sources) (Figure 3, relatively large 499 

variations have been observed for soil samples).  500 

 501 

Figure 3 Cd isotope fractionation of environmental samples. All isotope ratios are 502 

converted to . Evaporation-condensation and the mineral 503 

precipitation during ore formation result in large variations in  ratios. In 504 

comparison, isotopic signatures of agriculture sources are not distinct enough. Data 505 

sources: soil (Barraza et al. 2019; Chrastný et al. 2015; Cloquet et al. 2006b; Imseng 506 

et al. 2018; Pallavicini et al. 2014; Salmanzadeh et al. 2017; Wang et al. 2019b; Wen 507 

et al. 2015); ore (Chrastný et al. 2015; Gao et al. 2013; Liu et al. 2020c; Martinková et 508 

al. 2016; Shiel et al. 2010; Wang et al. 2020a; Wen et al. 2015; Xu et al. 2020; Zhu et 509 

al. 2016; Zhu et al. 2017); smelting (Chrastný et al. 2015; Cloquet et al. 2006b; 510 

Martinková et al. 2016; Shiel et al. 2010; Wen et al. 2015); raw coal (Fouskas et al. 511 
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2018; Martinková et al. 2016); fly ash (Chrastný et al. 2015; Fouskas et al. 2018; 512 

Martinková et al. 2016); bottom ash (Fouskas et al. 2018; Martinková et al. 2016); 513 

fertilizer (Imseng et al. 2018; Salmanzadeh et al. 2017); sewage sludge (Pallavicini et 514 

al. 2014); chicken manure (Barraza et al. 2019); tree litter (Barraza et al. 2019). 515 

 516 

3.6 Mercury (Z = 80) 517 

There are seven stable mercury isotopes, 196Hg (0.2%), 198Hg (10.0%), 199Hg (16.9%), 518 

200Hg (23.1%), 201Hg (13.2%), 202Hg (29.9%) and 204Hg (6.9%) (Hoefs 2018). Because 519 

198Hg is the isotope with the lowest mass that can still be precisely measured, and 520 

202Hg is that with the highest mass which is free of isobaric interferences (Blum et al. 521 

2014; Yin et al. 2014), MDF-induced mercury isotope variations are often reported as 522 

the  value (Eq. 22): 523 

 524 

The internationally used reference material is NIST SRM 3133 (Hoefs 2018; Rumble 525 

et al. 2018; Yin et al. 2014).  526 

In addition to MDF, large MIF has been observed for Hg. The MIF of Hg isotopes is 527 

usually expressed as the difference between the measured  value and that 528 

theoretically-predicted assuming only MDF (Eq. 23-26) (Blum et al. 2014; Hoefs 2018): 529 

 530 

 531 

 532 
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 533 

There are three types of Hg isotope fractionation. Firstly, MDF occurs in all biotic and 534 

abiotic reactions during the biogeochemical cycle of Hg, such as adsorption (Jiskra et 535 

al. 2012), methylation/demethylation (Jiménez-Moreno et al. 2013), and evaporation 536 

(Ghosh et al. 2013) (Figure 4). Secondly, the odd-MIF (reported as the  537 

ratio) occurs during the photochemical reduction of divalent mercury [Hg(II)] to 538 

methylmercury (MeHg) and the evaporation of elemental mercury [Hg(0)] (liquid-vapor 539 

transition). Furthermore, even-MIF (reported as the  ratio) is related 540 

to the photochemical oxidation of Hg(0) in the atmosphere (Blum and Johnson 2017; 541 

Hoefs 2018; Yin et al. 2014).  542 

Coal combustion is the major source of anthropogenic Hg emissions into the 543 

environment, accounting for 21% of the annual Hg emissions (UNEP 2018). As shown 544 

in Figure 4, the  value of raw coal samples vary greatly from -3.9  545 

to +0.8 . Current studies suggest that lighter Hg isotopes will volatize more easily in 546 

the coal-fired boilers, resulting in isotopically lighter Hg compositions in the fly ash 547 

( = -1.3  ± +0.5 ) relative to the raw coal (-1.2  ± +0.8 ). 548 

Correspondingly, the residual Hg in the bottom ash is enriched in heavier isotopes (-549 

1.0  ± 0.9 ) (Huang et al. 2017; Sun 2019; Sun et al. 2014a; Tang et al. 2017) (Figure 550 

4). Apart from coal combustion, it is hypothesized that other high-temperature 551 

industrial processes, such as cement production, metal smelting and waste 552 

incineration will also lead to significant MDF. Unlike the large MDF signatures of Hg 553 
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among various samples ( = -4.4  ~ +2.1 ), most of the land-based 554 

samples (e.g., rocks and ores) reveal little MIF (  =-0.2  ~ +0.6 ) (Figure 4). 555 

In comparison, large MIF is observed in rainwater and snow samples, suggesting that 556 

the atmospheric photochemical reactions dominate the mass-independent 557 

fractionation of this element (Chen et al. 2012; Sherman et al. 2010) (Figure 4). 558 

Both MDF and MIF can be used for the source identification of Hg (Figure 6). The MDF 559 

signatures are important indicators for local industrial sources (e.g., mining, smelting, 560 

coal combustion), while MIF indicates the long-range atmospheric transport of this 561 

contaminant. Estrade et al. (2011) found that the  values of the 562 

contaminated top soils in the vicinity of a metal smelter fell between those of the 563 

atmospheric deposition and the geogenic background. Moreover, the 564 

 values correlated closely with the inverse of the Hg concentrations 565 

1/[Hg] ([Hg] represents the Hg concentrations in samples) (r=0.89), indicating a mixing 566 

between geogenic Hg and local anthropogenic Hg (the severer the contamination is, 567 

the heavier the isotope will be detected). Yin et al. (2013a) found an interesting 568 

phenomenon, that the variation of MIF ( ) in wheat tissues grown in a mining 569 

affected region revealed a mixing between atmospheric and soil Hg. The MIF followed 570 

the order of air (-0.30 ) < leaf (-0.25 ) < stem (-0.15 ) < root (-0.04 ) < soil (0). 571 

This indicated that the roots took up Hg exclusively from soil (no MIF), while the 572 

aboveground tissues also accumulated Hg directly from the atmosphere (negative 573 

MIF). Feng et al. (2013) examined both MDF and MIF in surface soils collected either 574 
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from ivities 575 

have lasted for more than 3000 years (soil Hg concentration 49 ~ 127 mg kg-1), or from 576 

a control site with no direct point contamination source of Hg (soil Hg concentration 577 

0.25 ~ 0.30 mg kg-1). The  values of soil samples from the mining 578 

area fell in between the local Hg waste calcine and Hg ore samples while no 579 

statistically significant MIF was observed (p > 0.2), which suggested that local sources 580 

played a major role. In comparison, the Hg isotope signatures of the control site 581 

revealed detectable MIF, indicating that atmospheric deposition after long-range 582 

transport was a source of Hg in this area (Figure 6). 583 

 584 

Figure 4 Representation of various environmental samples in the dual isotope space 585 
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of Hg. All isotope ratios are reported relative to NIST SRM 3133. The 586 

 value is used to represent mass-dependent isotope fractionation 587 

of Hg (MDF), while the  value (see Eq. 23 for its definition) is used to represent 588 

mass-independent isotope fractionation of Hg (MIF). Hg isotope signatures resulting 589 

from MDF are common in all samples, while Hg isotope signatures resulting from MIF 590 

only occur in samples of atmospheric origin. Positive MIF as a result of photochemical 591 

reduction and demethylation in the aqueous phase is observed in rainfall samples 592 

(Blum et al. 2014; Gratz et al. 2010; Yuan et al. 2018). Large negative MIF is observed 593 

in Arctic snow samples because of the preferential photochemical reduction of odd 594 

isotopes to Hg(0). As a result, the residual Hg(II) in the snowpack reveals highly 595 

negative  values (Sherman et al. 2010). Data sources: soil (Baptista-Salazar 596 

et al. 2018; Biswas et al. 2008; Blum et al. 2014; Feng et al. 2010; Goix et al. 2019; 597 

Gray et al. 2013; Jiskra et al. 2017; Pribil et al. 2020; Yin et al. 2013a; Yin et al. 2020; 598 

Zhang et al. 2020a); rock (Blum et al. 2014; Smith et al. 2008; Yin et al. 2019; Zerkle 599 

et al. 2020; Zhang et al. 2020a); ore (Baptista-Salazar et al. 2018; Blum et al. 2014; 600 

Feng et al. 2010; Gray et al. 2013; Jiménez-Moreno et al. 2016; Pribil et al. 2020; 601 

Schudel et al. 2019; Wiederhold et al. 2013; Yin et al. 2013b); coal (Biswas et al. 2008; 602 

Feng et al. 2010; Huang et al. 2017; Sherman et al. 2012; Sun 2019; Sun et al. 2014a; 603 

Sun et al. 2014b; Tang et al. 2017); fly ash (Huang et al. 2017; Sun 2019; Sun et al. 604 

2014a; Tang et al. 2017); bottom ash (Huang et al. 2017; Sun 2019; Tang et al. 2017); 605 

rain (Blum et al. 2014; Chen et al. 2012; Gratz et al. 2010; Sherman et al. 2012; Yuan 606 
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et al. 2018); snow (Chen et al. 2012; Sherman et al. 2010); lichen (Blum et al. 2014; 607 

Jiménez-Moreno et al. 2016; Yin et al. 2013a). 608 

 609 

3.7 Thallium (Z = 81) 610 

Thallium has two stable isotopes, 203Tl (29.5%) and 205Tl (70.5%) (Hoefs 2018). The Tl 611 

isotope variations are usually reported as the  value (Eq. 27): 612 

 613 

The generally used reference material is NIST SRM 997 (Hoefs 2018).  614 

The processes responsible for the variations in Tl isotopes are still under debate. 615 

Evaporation/condensation processes are possibly the major causes of Tl isotope 616 

fractionation (Liu et al. 2020b; Vanek et al. 2016) (Figure 5). Limited evidence has 617 

shown that Tl isotope analysis can be applied for source apportionment. Kersten et al. 618 

(2014) observed that the topsoil in the vicinity of a cement plant was enriched by 619 

heavier Tl isotopes ( ), while the deep soils was isotopically lighter 620 

( ) (Figure 5). The  value of the cement kiln dust was 621 

the same as that of top soils, indicating that historical Tl emissions from the cement 622 

production resulted in soil contamination.  found that  623 

values for surface soils (O horizon) affected by mining and smelting activities (-3.92 ~ 624 

-2.69) were similar with those of ore (-3.76), slag (-3.31) and other industrial waste 625 

samples (-4.77 ~ -3.60), while uncontaminated deep soil samples (C horizon) were 626 

isotopically lighter (-2.71 ~ -0.41) (Figure 5). The small variation of the Tl isotopic 627 
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composition (usually < 1 , Figure 5) currently limits its use for source attribution, at 628 

least until analytical procedures have advanced so far that the precision is sufficient to 629 

disentangle differences in isotope signals in the sub-permil area.  630 

 631 

Figure 5 Stable Tl isotope ratios in environmental samples. All isotope ratios are 632 

reported relative to NIST SRM 997. Evaporation-condensation is believed to be a 633 
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major cause of Tl isotope fractionation. Current studies suggest that Tl isotopes can 634 

be used to identify the influence of coal combustion, cement production, metal smelting 635 

and other industrial sources. Data sources: (Grösslová et al. 2018; Kersten et al. 2014; 636 

. 637 

3.8 Lead (Z = 82) 638 

Pb is present in nature in the form of four stable isotopes: 204Pb (1.4%), 206Pb (24.1%), 639 

207Pb (22.1%) and 208Pb (52.4%) (Cheema et al. 2020; Rumble et al. 2018). 204Pb is 640 

the only primitive stable isotope formed in the big bang, while 206Pb, 207Pb and 208Pb 641 

are radioactive decay products of 238U, 235U and 232Th, respectively (Eq. 28-30): 642 

 643 

 644 

 645 

where  represents the alpha particle,  refers to the beta particle, Q is the energy 646 

released during the decay. The decay rates are extremely slow (half-life 647 

 years for Eq. 28, 29 and 30, respectively) (Cheema et 648 

al. 2020; Cheng and Hu 2010; Schoene 2014). Lead isotope compositions are usually 649 

reported as the 206Pb/204Pb, 206Pb/207Pb and 208Pb/206Pb ratios, while 206Pb/207Pb and 650 

208Pb/206Pb are preferred. Because of the high abundance of 206Pb, 207Pb and 208Pb, 651 

ratios among these three isotopes can be precisely detected even with an ICP-QMS 652 

(typical measurement precision 0.1% ~ 0.5%) (Cheema et al. 2020; Cheng and Hu 653 

2010). The reference material for Pb isotopes is the NIST SRM 981.  654 
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Compared with other metal isotopes whose variations are mainly induced by 655 

fractionation, up to now the subtle Pb isotope fractionation during industrial and 656 

environmental processes has not yet been fully acknowledged (Figure 6). Instead, 657 

stable isotope variations of Pb are attributed to radioactive decay (Schoene 2014; 658 

Wiederhold 2015). Depending on the age and the geochemical composition of the 659 

source materials, large Pb isotope variations have been observed among 660 

environmental samples. Lead isotopes have been extensively applied for source 661 

apportionment purposes. Traffic activities (in the time of widely used leaded gasoline, 662 

which phases out since the end of the 20th century) (Kelepertzis et al. 2016; Peng et 663 

al. 2020), coal combustion , metal smelting 664 

(Kelepertzis et al. 2020; Lee et al. 2020b), mining activities (Wang et al. 2019a), e-665 

waste processing (Jiang et al. 2019), irrigation & fertilization (Liu et al. 2019a) and 666 

natural weathering (Jia et al. 2020a; Wen et al. 2020) can be primary sources of Pb 667 

accumulation in soils. Lead isotope analysis may also shed light on the source 668 

identification of multi-elements (Section 4). For a detailed discussion of source 669 

apportionment using Pb isotopes, readers are referred to Cheema et al. (2020), Cheng 670 

and Hu (2010) and Komarek et al. (2008), who have provided comprehensive 671 

overviews of this topic. 672 

3.9 Non-metallic elements 673 

Stable isotopes of non-metallic elements (e.g., C, N, O, S) (also termed as traditional 674 

stable isotopes) can aid in metal source apportionment in an indirect way. Morera-675 
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Gómez et al. (2020) analyzed  and  values, as well as metal 676 

concentrations of urban road dust samples collected in Cienfuegos, Cuba. Based on 677 

the results from the cluster analysis that takes both metal concentrations and the 678 

isotope ratios into account, sampling sites were divided into four categories with 679 

distinct major pollution sources. The role of the  value was to reveal the 680 

contribution of carbonates (that can be related to industrial emissions such as cement 681 

production), while the  value reflected the contribution of particulate organic 682 

matter (Morera-Gómez et al. 2020). Sulfur isotope ratios can be useful indicators of 683 

metal sulfide (e.g., CuS, ZnS, PbS) oxidation, a main process contributing to the 684 

release of metals (oxidized samples have higher  values). Dótor-Almazán et al. 685 

(2017) found that mineral oxidation in mine tailing samples increased following the 686 

order of galena (PbS) < chalcopyrite (CuS) < sphalerite (ZnS), indicating that mine 687 

tailings are more likely to cause Zn and Cu than Pb contamination of the adjacent soil 688 

and river. Cui et al. (2014) observed significant positive correlations between  689 

values and Cd concentrations (p < 0.01) and between  values and Pb 690 

concentrations in the river sediment (p < 0.01). The authors explained this finding by 691 

the fact that Cd and Pb mainly occurred in the form of sulfides in the studied samples 692 

and concluded that, sulfur isotope ratios may be a reliable indicator of metal 693 

contamination in the sediment. Furthermore,  values of the sediment samples 694 

(+2.64 ) fell in between natural bedrock (+8.9 ) and metal ores (+0.28 ), which 695 

enabled the quantitative source apportionment. Kim et al. (2020) observed increasing 696 
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 values (in sulfate) with increasing mineral oxidation and dissolution in 697 

groundwater samples collected from a metalliferous mining area. In addition, the Zn/Cd 698 

ratio of the adjacent soil approached those of groundwater samples and was different 699 

from that of the surrounding mine tailings, which suggests that metals from mine 700 

tailings may have first entered the groundwater aquifer, and then contaminated the 701 

soils indirectly. 702 

 703 

 704 

 705 
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 706 

Figure 6 Overview of the reviewed stable isotope systems that can potentially be used 707 

for the source apportionment of soil metals. (A) Mass-dependent fractionation (MDF) 708 

occurs during evaporation/condensation processes (Hoefs 2018; Wiederhold 2015). 709 

(B) MDF by biological processes (membrane transport, complexation, xylem/phloem 710 

transport, element storage and retranslocation) results in the preferential uptake of 711 

isotopes (Hoefs 2018; Wiederhold 2015). (C) In soils without anthropogenic 712 

disturbance, the dominant source of metals is the parent rock of soil formation (Alloway 713 

2013). (D) The redox processes of Cr and Cu result in substantial MDF that would add 714 
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difficulty to source tracing but favor process tracing (Berna et al. 2010; Markl et al. 715 

2006). (E) Preferential sorption of Cu isotopes onto soil minerals can lead to low-716 

temperature isotope fractionation (Babcsanyi et al. 2016; Li et al. 2015). (F) Zn and Cd 717 

isotopes are particularly useful for the source apportionment of smelting and 718 

combustion-induced soil contamination (Li et al. 2019; Wang et al. 2019b). (G) In-situ 719 

fractionation by biogeochemical processes seems negligible for Pb isotopes. Distinct 720 

Pb isotope compositions amongst environmental samples with different geochemical 721 

compositions enable the quantitative source apportionment (Cheng and Hu 2010; 722 

Wiederhold 2015). (H) Sr isotopes are usually analyzed together with Pb isotopes for 723 

the quantitative identification of multi-sources (Sun et al. 2018; Zhao et al. 2019a). (I) 724 

Mass-independent fractionation (MIF) induced by photochemical reactions can reveal 725 

the atmospheric origin of Hg (Blum et al. 2014; Hoefs 2018). (J) Long-range transport 726 

and atmospheric deposition can be dominant sources of metals in remote areas (Bing 727 

et al. 2014; Feng et al. 2013). 728 

 729 

4 Source identification of multi-metal contaminated soils 730 

Because of the high cost and complicated pre-treatment procedures for a stable 731 

isotope analysis, most studies have selected isotopes of a single element for the 732 

source apportionment of soil metals. However, soils are often contaminated by multi-733 

elements with different main sources (Chen et al. 2015; Luo et al. 2012; Tong et al. 734 

2020; Xiao et al. 2020; Xie et al. 2019). For instance, atmospheric deposition is often 735 
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regarded as a major source of Hg due to its high volatility (Driscoll et al. 2013; UNEP 736 

2018), rock weathering contribute greatly to soil Cd accumulation (especially in 737 

southwest China) (Gong et al. 2020; Luo and Teng 2018), while mining & smelting are 738 

often found to be the major source of soil Pb (Cheema et al. 2020; Zhang et al. 2019b). 739 

How to reveal the sources of each metal in such soils with the help of the selected 740 

isotopes remains a tough challenge in terms of cost and labor.  741 

Several attempts have been made to seek for strategies for multi-metal source 742 

apportionment. A combination of Pb isotope analysis and statistical or mineralogical 743 

analysis approaches have proven to be helpful for the source identification of multi-744 

metals in soil (Table 2). Several studies have observed a strong positive correlation 745 

between Pb and other metals, which suggested that these metals may share similar 746 

origins (Huang et al. 2020; Liu et al. 2016). Based on the correlation analysis result, 747 

quantitative source apportionment were conducted using Pb isotopes (Huang et al. 748 

2020; Liu et al. 2016; Liu et al. 2020a) (Table 2). However, this method is criticized 749 

because of the lack of direct evidence. Other studies have simultaneously investigated 750 

the mineralogy as well as stable isotope ratios (Table 2). An in-depth investigation of 751 

metal speciation provides much stronger support for the extrapolation of Pb isotope 752 

analysis results to other metals. For instance, Jeon et al. (2017) found that X-ray 753 

diffraction (XRD) results corroborated well with the Pb isotope-based source 754 

apportionment, that Zn smelting was the major source of metal accumulation in the 755 

studied region. Because of sulfide oxidation, geogenic ZnS is unlikely to be present in 756 
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soil in the original form. However, sphalerite (ZnS) was observed in fine soil particles 757 

(< 0.044 mm), indicating that anthropogenic sources contributed most to soil Zn 758 

contamination. Lee et al. (2020a) combined XRD, transmission electron microscopy 759 

(TEM) and selected area electron diffraction (SAED) analysis to examine the feasibility 760 

of Pb isotopes for the quantitative source apportionment of the monoisotopic element 761 

As. The XRD patterns showed that the only As-bearing mineral in smelter dust was the 762 

Pb-containing beudantite [PbFe3(OH)6SO4AsO4], which was different from primary As-763 

bearing minerals (without Pb) in host rocks (arsenopyrite, FeAsS) as observed by TEM 764 

and SAED, suggesting that Pb isotopes are suitable for the source tracking of smelter-765 

based As. On the one hand, researchers should bear in mind that the biogeochemistry 766 

of different elements varies. On the other hand, extrapolating the results from a single 767 

isotope analysis approach is time-saving and cost-efficient, particularly when there is 768 

a burgeoning demand for source apportionment of soil metals. If conventional Pb 769 

isotope analysis were extrapolated with care (e.g., through statistical analysis or 770 

mineralogical approaches), the results may aid in wise decision of sustainable risk 771 

containment and soil remediation successfully (Hou 2020). 772 

 773 

Table 2 Strategies for the source identification of multi-elements using single metal 774 

isotopes. 775 

Contaminant Strategy Precision of 

isotope 

analysis 

Description Major sources Reference 

Cd, Pb Pb isotope 

(MC-ICP-

MS) + 

206Pb/207Pb 

analytical 

precision 

Soil Pb and Cd concentrations revealed a 

strong positive correlation (R=0.89), 

indicating that these metals may share 

Coal 

combustion 

(85%), using 

(Huang et 

al. 2020) 
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Correlation 

analysis 

0.03% (2 ) similar origins binary mixing 

model 

Zn, Pb Pb isotope 

(ICP-QMS) 

+ 

Mineralogic

al analysis 

(XRD) 

206Pb/207Pb 

residual 

standard 

deviation 

0.64%; 
208Pb/206Pb 

residual 

standard 

deviation 

0.13% 

The Pb isotope source apportionment 

results were verified using XRD analysis, 

that ZnS from the smelting fly ash was 

observed in fine soil fraction (less than 

0.044 mm) 

Metal smelting 

(60% - 90%), 

using binary 

mixing model 

(Jeon et al. 

2017) 

Zn, Pb Pb isotope 

(TIMS) + 

Mineralogic

al analysis 

(XRD) 

206Pb/207Pb 

analytical 

precision 

0.01% (2 ); 
208Pb/206Pb 

analytical 

precision 

0.03% (2 ) 

Mineralogical analysis results indicated 

the co-presence of ZnS, PbS (not 

recommended, weak evidence) 

Metal smelting 

(83%), using 

binary mixing 

model 

(Kang et 

al. 2019) 

As, Pb Pb isotope 

(TIMS) + 

Mineralogic

al analysis 

(XRD, TEM 

and SAED) 

206Pb/207Pb 

analytical 

precision 

0.01% (2 ); 
208Pb/206Pb 

analytical 

precision 

0.03% (2 ) 

XRD patterns suggested that the only As-

bearing mineral in smelter dust was the 

Pb-containing beudantite 

[PbFe3(OH)6SO4AsO4], which was 

different from primary As-bearing 

minerals in host rocks (arsenopyrite, 

FeAsS) as observed by TEM & SAED 

Natural (rock 

weathering, 

79%), using 

binary mixing 

model 

(Lee et al. 

2020a) 

Tl, Pb Pb isotope 

(MC-ICP-

MS) + 

Correlation 

analysis

206Pb/207Pb 

analytical 

precision 

0.01% (2 ); 
208Pb/206Pb 

analytical 

precision 

0.03% (2 ) 

Soil Pb and Tl concentrations revealed a 

strong positive correlation (R=0.92), 

indicating that these metals may share 

similar origins 

Mining and 

roasting of the 

pyrite ore 

(Liu et al. 

2016) 

Tl, Pb Pb isotope 

(MC-ICP-

MS) + 

Correlation 

analysis 

206Pb/207Pb 

analytical 

precision 

0.01% (2 ); 
208Pb/206Pb 

analytical 

206Pb/207Pb and Tl concentrations 

revealed a strong positive correlation 

(R=0.79), indicating that Pb and Tl may 

share similar origins 

Pyrite mining 

and smelting 

(46% - 91% for 

different 

vegetables), 

using binary 

(Liu et al. 

2020a) 
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precision 

0.03% (2 ) 

mixing model 

Abbreviations: MC-ICP-MS  multi-collector inductively coupled plasma mass 776 

spectrometer; ICP-QMS  inductively coupled plasma quadrupole mass spectrometer; 777 

TIMS  thermal ionization mass spectrometer; XRD  X-ray diffraction; TEM  778 

transmission electron microscopy; SAED  selected area electron diffraction. 779 

 780 

5 Temporal evolution and the aging phenomenon  781 

Direct analysis of isotope compositions between environmental samples provides 782 

information on the sources of metals (where are soil metals from), while long-term 783 

monitoring and soil profile analysis reveal insights into temporal trends of metal 784 

accumulation and sources. Long-term monitoring provides direct information on the 785 

variation of metal sources with time. For instance, Salmanzadeh et al. (2017) 786 

investigated the Cd isotope composition of soil samples and fertilizer samples 787 

collected over 66 years (1959 to 2015) in New Zealand. The dominant source of Cd in 788 

this system was determined to be fertilizer application before 2000 AD. In contrast, 789 

recent fertilizer application did not result in a marked Cd accumulation, which was 790 

probably because grazing-related fractionation of Cd isotopes modified the observed 791 

isotopic compositions. Another study by Tomasevic et al. (2013) monitored Pb isotopic 792 

ratios in leaves of the urban tree species Aesculus hippocastanum L. and Tilia spp. 793 

from 2002 to 2009. The 206Pb/207Pb ratio decreased throughout the observation period, 794 

which was attributed to the decrease of leaded gasoline use.  795 
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However, in many cases, long-term monitoring can be difficult or even impossible. In 796 

such circumstances, soil profiles may provide valuable information regarding historical 797 

events and can be used to reveal the temporal trend of anthropogenic activities. 798 

Isotope compositions of deeper soils reveal historical anthropogenic activities, while 799 

those of surface soil samples indicate the influence of more recent sources of metal 800 

emissions, because of the low mobility of most metals. For instance, Dawson et al. 801 

(2010) suggested that the high 206Pb/207Pb ratios in the surface-near soil may stem 802 

from the utilization of leaded petroleum, while high 206Pb/207Pb ratios at depths of more 803 

than 40 cm may result from more ancient mining activity. Weiss et al. (2007) found that 804 

the  values of the top peat profile (+0.32  ~ +0.64  for soils <20 cm) 805 

(formed during 1953~1997 AD as derived from 210Pb and 14C measurements) were 806 

similar with those of the ore minerals (+0.10  ~ +0.50 ), suggesting historical mining 807 

activities in the 20th century resulted in soil Zn contamination. In comparison, deeper 808 

soils are isotopically heavier (  fell within +0.99  ~ +1.43  for soils >60 809 

cm) (1017~1192 AD), suggesting that the soils were unaffected by human activities at 810 

ancient times. 811 

Analysis of isotope compositions between different geochemical fractions of metals as 812 

assessed with sequential extraction methods such as the Community Bureau of 813 

Reference (BCR) (Quevauviller et al. 1993) or Tessier method (Tessier et al. 1979) can 814 

also provide much information on the temporal trend of metal accumulation. Metals 815 

exist in soils as different geochemical fractions, which is also affected by immobilizing 816 
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reagents and their aging processes (Hou et al. 2020b; Wang et al. 2020c; Wang et al. 817 

2020d). Differences in mobility and bioavailability of these fractions has attracted much 818 

research interest, and isotope variation among different geochemical fractions of soil 819 

metals is an interesting phenomenon. In order to examine the isotope variation 820 

between labile and non-labile metal fractions, a combination of conventional sequential 821 

extraction methods and stable isotope analyses approaches have been adopted by 822 

several studies.  823 

It has been noted that the isotope variation among geochemical fractions is affected 824 

by the contact time of the metal with the soil, termed aging. The aging of the stable 825 

isotope signal of metals has been confirmed by a spiking study (Huang et al. 2014), 826 

where 206Pb was introduced as an exogenous Pb source through spiking for 30 days. 827 

After spiking, 208Pb/206Pb values decrease in labile forms (i.e. acid-extractable fractions 828 

in the BCR procedure), while the values remained stable in the residual fractions. This 829 

phenomenon confirmed that external sources of metals are more likely to affect labile 830 

fractions first. Another study by Shetaya et al. (2019) found that the influence of 831 

external inputs may affect other fractions gradually, thus diminishing the isotope 832 

variation effect in the long term. Shetaya et al. (2019) examined various geochemical 833 

fractions (i.e., exchangeable, bound to carbonates, bound to Fe-Mn oxides, bound to 834 

organic matter, residual) as well as the 206Pb/207Pb, 208Pb/207Pb ratios in each fraction. 835 

No significant differences among isotope ratios were observed among the different 836 

phases, indicating that anthropogenic Pb sources did not possess preferential affinity 837 
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towards more labile forms than other forms. In this sense, anthropogenic Pb is 838 

sufficiently labile to be assimilated into geochemical pools. This may be due to the 839 

relatively long contact time enabled the redistribution of geochemical forms, but no 840 

experimental studies have been undertaken to test this hypothesis to date. In 841 

conclusion, isotope ratios of labile metal pools may reflect the influence of 842 

anthropogenic sources, while those of less-labile pools reveal the lithogenic origins. 843 

The aging of the isotope signals of externally introduced metals into soil might be useful 844 

for distinguishing recent from historical contamination. Distinct variations amongst 845 

geochemical fractionations would indicate recent contamination, while no variations 846 

would indicate historical contamination. 847 

 848 

6 Challenges and outlook 849 

Stable isotope analysis can provide information on metal sources and has been 850 

successfully applied for quantitative or qualitative source identification purposes. 851 

However, several challenges remain in this field:  852 

1) Analytical challenges hinder the application of metal stable isotope analysis 853 

approaches. High-quality pretreatment, such as ion-exchange, is the prerequisite 854 

for the accurate and precise determination of metal isotopes. High-precision 855 

analysis approaches (by MC-ICP-MS or TIMS) are time-consuming and costly, 856 

rendering them unsuitable for large numbers of samples. Future studies should 857 

seek for more efficient sample purification strategies, and explore the feasibility of 858 
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conventional ICP-QMS for the -for- determination of metal 859 

isotopes with proper mass bias correction methods.  860 

2) The selection of the environmental samples for source apportionment should be 861 

conducted with care. If the investigated area is large, collecting only a few 862 

environmental samples (e.g., fly ash, slag, road dust, fertilizer, soil) may bias the 863 

source apportionment because the natural heterogeneity of these materials is not 864 

sufficiently covered. Several studies have adopted available isotopic data from 865 

literature, even if the soil characteristics, lithology, major anthropogenic emission 866 

sources and dominating fractionation mechanisms are quite different. This should 867 

be avoided, since large intra-material variations in stable isotope ratios have been 868 

observed for metals (Figures 1-5). Extrapolating reference ratios from the literature 869 

to a specific source apportionment case study may result in misinterpretation of 870 

isotope data. Instead, before collecting environmental samples, a pre-871 

understanding of potential pollution sources is required. For instance, if the soil is 872 

in the vicinity of an industrial facility (e.g., coal-fired power plant, metal smelter), it 873 

is necessary to collect detailed information about potential contamination 874 

pathways (e.g., through atmospheric deposition of fine particles or via waste 875 

leaching) in advance. For a contaminated agricultural field, knowledge of the used 876 

fertilizer and pesticide types as well as potential irrigation sources will be 877 

necessary for the collection of representative samples. 878 

3) Isotope fractionation mechanisms are still poorly understood. For most metals 879 
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(e.g., Cu, Zn, Cd, Hg, Tl), isotopic variations are induced by fractionating 880 

processes. Geochemical processes in soils, such as adsorption, dissolution, redox 881 

reactions and biological processes can result in substantial isotope fractionations, 882 

thus blurring the source signals. To avoid misinterpretation of isotopic data, a 883 

comprehensive and in-depth understanding of the fractionation processes is 884 

therefore required. But even if the latter can be reached, the complexity of isotope-885 

fractionating processes can impede source identification.  886 

4) The use of a single isotope ratio may fail in source apportionment, because the 887 

variation of the considered isotope ratio can vary more strongly within a source 888 

than between different sources. Furthermore, different sources may share similar 889 

isotopic compositions (Section 3.4), making multi-source identification impossible. 890 

To overcome these obstacles, one can conduct source apportionment in a two-891 

dimensional space, that is, to use another isotope (either from the same element 892 

or another) when isotope signatures overlapped. For instance, a combination of 893 

Sr and Pb isotopes has been successfully applied for source apportionment 894 

(Section 3.4). Analyzing the isotopic ratios on the 2-D MIF-MDF plot of Hg clearly 895 

reveals the influence of diverse sources, even if Hg-MDF signatures often overlap 896 

(Figure 4).  897 

Successful attempts of stable isotope-based pollution source identification in other 898 

environmental media can shed light on soil metal source apportionment. For instance, 899 

the distinct MIF fractionation in Hg analysis has been widely used for air pollution 900 
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source tracking (Fu et al. 2019; Kurz et al. 2020). Considering that long-range transport 901 

could be a significant source of soil metals (especially for Hg), these stable isotope 902 

variations could serve as valuable references for future studies.  903 

Undoubtedly, investigations on metal stable isotopes are moving at a fast pace. Our 904 

understanding of these non-traditional isotopes for the source identification of metals 905 

in soil is still incomplete, and many questions remain open. 906 
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