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A B S T R A C T

Studies including multiple isotope systems in aerosols promises unparalleled insights into sources and pathways
of metals in the atmosphere. However, such studies remain rare because of the challenges associated with small
sample sizes and low analyte masses of the target elements. Here, we present the first study combining accurate
and precise determination of Pb, Cu and Zn isotopic ratios in aerosols and anthropogenic materials collected in
São Paulo, Brazil. We use a sequential ion chromatography procedure with two different resins for the separation
and purification of the analytes. Multi collector mass spectrometry is used for the accurate and precise de-
termination of the isotope ratios. Long term analytical reproducibilities are±0.035 for 206Pb/204Pb,± 0.13‰
for δ65CuNIST and± 0.1‰ for δ66ZnJMC (± 2σ). Accuracy is assessed using certified reference materials (CRM
NIST 2783 aerossol, BRP-1 and others). We analyzed 57 source samples (road dust, tires, cement, road tunnel
aerosol) and 113 aerosol samples collected between 2013 and 2015. The results for São Paulo are critically
compared with previously published data from studies conducted in São Paulo, London and Barcelona. The key
findings are: 1. The isotope signatures for Zn in tires (δ66ZnJMC= 0.16 ± 0.14, 2σ, n= 9) and road dust
(δ66ZnJMC=0.17 ± 0.19, 2σ, n= 13) are similar in São Paulo and London suggesting that this isotope system
can be used as element specific tracers for non-exhaust traffic. 2. 206Pb/207Pb vs δ66ZnJMC and δ66ZnJMC vs
δ65CuNIST multi-isotopic diagrams successfully separate wear off from cars including tires and brakes, car ex-
haust, industrial emissions and cement sources and improves the discrimination of air pollutant sources. 3. The
source identification based on isotope ratios agrees source apportionment based on emissions inventory from
these cities. 4. We present Pb, Cu and Zn isotopic data for the first time for the CRM NIST 2783 and BRP-1. These
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new data will enable future intercalibration and quality controls in other laboratories. Our study confirms that
stable isotope ratio analysis have a great potential for element specific source characterization (e.g., separating
non combustion traffic sources from combustion sources) for Cu, Zn and Pb.

1. Introduction

Urban atmospheric pollution is a global environmental problem
with prominent effects on public health, due to its link to cancer, car-
diovascular, neurological and respiratory diseases, which result in
millions of deaths each year (WHO, 2017). Considering the risks of high
particulate matter (PM) concentration and the consequential metal
species exposure to humans, the identification of air pollutant sources is
of great importance to monitoring programs and to policy decisions
(Kumar et al., 2014; Saiki at al., 2014; Miranda et al., 2012; Kampa
et al., 2008).

In recent years, stable metal isotope ratios have been explored for
their potential to improve our understanding of contaminant sources
and pathways in the environment, including anthropogenic aerosol
emissions from industries, metallurgy and coal plants (Cloquet et al.,
2006; Komàrek et al., 2008; Gioia et al., 2008, 2010, 2016; Widory
et al., 2004, 2010; Araújo et al., 2017, 2018). Of special interest are the
elements Pb, Cu and Zn, since they are important constituents of several
man-made materials technological devices whose cycles are drastically
altered by anthropogenic activities (Guéguen et al., 2012; Calvo et al.,
2013).

The combined study of Pb, Cu and Zn isotope ratios in aerosol
samples is hampered due to significant analytical challenges. Aerosol
samples collected using active samplers have often small mass and
hence contain often only micrograms of aerosol material (∼100 μg) and
consequently few analyte contents of each element per filter. It makes
imperative to optimize protocols to attain lower procedural blanks and
prevent sample splitting. A protocol for only Zn isotope ratio determi-
nation in aerosol samples was proposed by Gioia et al. (2008) and for
Cu and Zn by Dong et al. (2013).

Apart from sample preparation and analyte separation, instrumental
fractionation corrections must be performed to avoid artifacts on the
isotopic determination of Cu and Zn. Most work to date on instrumental
mass fractionation using plasma source mass spectrometers combined
with multiple detector arrays has been conducted on first generation
instruments (Marèchal et al., 1999; Archer et al., 2004; Mason et al.,
2004; Chen et al., 2009; Peel et al., 2008; Sossi et al., 2015; Araújo
et al., 2017). The improved ion transmission in the new generations of
MC-ICP-MS, which is associated to the combination of Jet sampler with
X-skimmer cones design, has reduced instrumental mass fractionation
significantly (Albarède et al., 2015; Araújo et al., 2016). However,
quantitative transmission of ions is still not achieved and fractionation
stability during long-term measurements and intra-session must be as-
sessed to select the appropriate mass bias correction method to elim-
inate successfully instrumental artifacts.

The aim of this work has been two-fold. First, we wanted to develop
and validate an analytical procedure that combines two ion exchange
procedures for the simultaneous separation of Pb, Cu and Zn and to
assess critically mass bias corrections for subsequent isotopic determi-
nations of Zn and Cu in aerosol, environmental samples (rocks and soil,
sediment) and anthropogenic materials (road dust, tires and cement)
using a new generation of plasma source mass spectrometers. We in-
cluded certified reference materials (CRM) of different environmental
matrices, including aerosol, rocks, soils, sediment and leaves (BHVO2-
basalt, BCR2-basalt, AGV1-andesite, 2709-San Joaquin soil, 1646a-
Estuarine sediment, 1573a-Tomato leaves), to validate our method and
inedited Pb, Cu and Zn isotopic determinations for NIST-2783 aerosol
and BRP reference material (RM). This inedited data is addressed to
improve the metrological traceability, data quality control and meth-
odological validation.

Second, we intended to compare the results with previously de-
termined Pb, Cu and Zn isotopic compositions for São Paulo (Gioia
et al., 2008, 2016, Souto-Oliveira et al., 2018), London (Dong et al.,
2017) and Barcelona (Ochoa and Weiss, 2016), to (i) identify possible
city specific differences and (ii) test critically the wider potential for Cu,
Zn and Pb isotopic signatures for pollutant tracing and discrimination in
urban atmospheres.

São Paulo and London are important megacities with more than 10
million inhabitants with common atmospheric pollutant sources such as
vehicular traffic, fossil fuel combustion and road dust suspension.
Barcelona is a city with 4.7 million inhabitants with metal sources to
atmosphere contrasting to São Paulo and London, namely with higher
contribution from industrial activity.

2. Material and methods

2.1. Reagents, certified reference materials and environmental samples

All chemical procedures were conducted in a clean room laboratory
(class 10000) and laminar flow hoods (class 100) at the Center of
Geochronological Research, University of São Paulo (USP). Ultrapure
acids (HCl, HNO3 and HF) were obtained using Teflon still Acid
Purification System (Savillex®, DST-100). Diluted solutions were pre-
pared using Milli-Q ultrapure water (18.2 MΩ cm−1). Dispensable
components (pipette tips, tubes) were washed with HNO3 50% (v v−1)
solution and ultrapure water prior to their use. PFA Teflon beakers
(Savillex®) were cleaned by boiling in 50% HNO3 and 50% HCl (v v−1),
separately for 1 h each. In-house ZnUSP and CuUSP solutions were pre-
pared from high purity standard solutions (Merck, CertPur®) and used
as in-house reference standard (USP).

A set of CRMs (BHVO2, BCR1 and BCR2 basalt and AGV1 andesite
from USGS, and NIST-2783 aerosol, 2709 San Joaquin soil, 1646a es-
tuarine sediments and 1573a tomato leaves from NIST) and anthro-
pogenic samples (road dust, tires, cement) were selected to develop and
validate the analytical procedure, including sample digestion, ion ex-
change chromatography separation protocol and isotope measurements
by MC-ICP-MS and TIMS.

2.2. Sampling and sample dissolution

Aerosol samples, anthropogenic materials (except road dust and
tire) and environmental certified materials were dissolved using 4mL of
concentrated HF/HNO3 (2:1) mix in a Savillex® beaker on a hot plate at
120 °C for 3 days. Samples were subsequently dried and re-dissolved in
3mL 7M HCl at 120 °C for 24 h. This solution was dried again and then
re-dissolved in 1mL 7M HCl. This final solution was split in two ali-
quots for isotope ratio (70%) and elemental (30%) analysis. About
50mg of road dust and 20mg of tire were dissolved in concentrated
acid mixture (HNO3/HCl/H2O2) using a microwave digestion system
(Mars 5, CEM corporation) operating with high pressure and tempera-
ture-resistant Teflon vessels.

2.3. Elemental analysis

Elemental concentrations of Mg, Al, Ca, Ti, Cr, Fe, Ni, Cu, Zn, Ba and
Pb were determined by Q-ICP-MS (X series II, Thermo Scientific).
Isotopes of 25Mg, 27Al, 43Ca, 49Ti, 52Cr, 54Fe, 60Ni, 63Cu e 66Zn were
measured in CCT mode (collision cell technology), whereas 137Ba,
206Pb, 207Pb and 208Pb were analyzed in the standard mode. Accuracy
and precision were assessed by CRMs (BCR-2, BHVO-2 (basalt) and
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NIST-9783 (aerosol)) and SLRS-5 river water which showed coefficient
of variations lower than certified value ± 10%. Total lead concentra-
tions of aerosol samples and CRMs were determined by isotope dilu-
tion–thermal ionization mass spectrometry (ID-TIMS) using a Thermo
Finnigan MAT 262 mass spectrometer.

2.4. Ion exchange column calibration

2.4.1. Testing ion exchange protocol for Pb, Cu and Zn separation
A protocol was developed combining two ion exchange procedures

that enabled the sequential separation of Pb, Cu and Zn. This first
procedure includes a column (BIORAD®, 2.0 mL of resin support and
10mL reservoir) packed with AG MP1 anionic resin for Cu and Zn se-
paration following the elution protocol established by Dong et al.
(2013). The second procedure includes a column (an in-house heat-
shrink Teflon tubing with 4mm diameter) packed with Bio-Rad® AG1-
X8 resin and employed to Pb separation as described by Babinski et al.
(1999). Before packing the column, the AG-MP1 anionic resin was
cleaned with HNO3 0.5M and H2O, whereas the AG1-X8 anionic resin
was washed with H2O and HCl 6mol L−1 separately for three times.
Fig. 1 illustrates the combined protocol for the sequential separation
procedures of Pb, Cu and Zn. In the first column, conditioning, sample
loading and matrix elution steps are performed using 4mL, 1mL and
1.5 mL 7M HCl, respectively. Copper elution with 7M HCl, Fe elution
with 2M HCl and Zn elution with 0.05M HNO3. Then, the matrix
fraction was recovered in a Savillex beaker, dried, dissolved in 0.7 M
HBr and processed in the second column. The Bio-Rad® AG1-X8 resin
was conditioned in 0.7M HBr, matrix is eluted using 1.5mL 0.7M HBr
and Pb eluted using 1mL 6M HCl.

2.4.2. Assessing matrix separation and recovery yields
The matrix separation of our protocol was evaluated using elution

curves of an unknown aerosol sample and of the CRM BCR-2 basalt.
Total recovery during ion exchange chromatography is required to
avoid isotope fractionation of Cu and Zn. Thus, recovery yields of Cu
and Zn were assessed measuring the isotopic composition and ele-
mental concentrations of Cu and Zn in the artificial solutions, samples
and reference materials before and after the chromatography. The ar-
tificial solution was composed of analyte (Pb, Cu and Zn) and adding
matrix interfering elements (Mg, Al, Ca, Ti, Cr, Fe, Ni, Ba).

2.4.3. Blank contributions
Two types of blanks were assessed: the first one assessed chemical

dissolution and ion exchange procedures and the second one assessed
the aerosol sampling procedure, which included membrane manipula-
tion (weighting, sampling), sample dissolution and ion exchange pro-
cedures.

2.5. Method validation of Pb, Cu and Zn isotope measurements

2.5.1. Instrument settings
Copper and zinc isotope measurements were carried out using a MC-

ICP-MS Neptune (at University of São Paulo) Plus (double focus system,
Thermo Scientific) operated using hard extraction. The sample in-
troduction system was a low-flow nebulizer (50 μLmin−1) connected to
a Scot double-pass quartz cyclonic spray chamber (wet mode). Data
collection was obtained through 40 cycles with 4 s integration for
standard and sample measurements. Samples were measured bracketed
by standards. Instrumental baseline and on peak blank correction were
performed with HNO3 0.05mol L−1 solution, using a configuration of
10 cycles with 4 s integration, taken before and after samples and
standard. The main instrumental parameters and cup configuration are
shown in Table 1. 62Ni+ was monitored to verify its interference on
64Zn+ mass, but the signal was always negligible (∼10−5 V). Results
are reported relative to the isotopic certified international standard for
Zn (IRMM-3702, JMC (Lyon)) and Cu (NIST-976 and AE633) (eqs. (1)
and (2)), which were previously calibrated against our in-house stan-
dard references, named ZnUSP and CuUSP solutions. Instrumental frac-
tionation was corrected using external normalization and is discussed in
the following sections.

Fig. 1. A. Protocol of sequential ion exchange chromatography for Pb, Cu and Zn B. A second column employed for Pb purification of matrix elution fraction obtained
in A. procedure C. A second passage of through the column of Cu fraction collected in A to eliminate residual matrix elements.

Table 1
Neptune plus parameters and Faraday cup configuration employed during Cu
and Zn isotopic measurements.

Instrumental Parameters Faraday Collector Configurations

Coolant Ar flow 16 Lmin−1 L4 62Ni
Auxiliary Ar flow 0.7 Lmin−1 L3 –
Sample Ar flow 1.0–1.2 Lmin−1 L2 63Cu
Glass nebulizer flow 50 μLmin−1 L1 64Zn
Torch power 1203W C 65Cu
Extraction (hard) −2,0 V H1 66Zn
Sensitivity for Zn 13 V ppm−1 H2 67Zn
Sensitivity for Cu 13.5 V ppm−1 H3 68Zn

C.E. Souto-Oliveira et al. Atmospheric Environment 198 (2019) 427–437

429



= ⎛

⎝
⎜ − ⎞

⎠
⎟δ Cu

Cu Cu

Cu Cu
(‰)

( / )

( / )
1sample

standard

65
65 63

65 63
(1)

= ⎛

⎝
⎜ − ⎞

⎠
⎟Zn

Zn Zn

Zn Zn
(‰)

( / )

( / )
1sample

standard

66
66 64

66 64
(2)

The Pb isotope ratios were determined by Thermal Ionization Mass
Spectrometer (TIMS) using a Thermo Finnigan MAT 262. The dry
samples were deposited onto Re filament with ultrapure gel silica
0.25M H3PO4. Mass fractionation was corrected using the annual
average of 0.095% a.m.u.−1, obtained by measurements of NBS-981
(n=78).

2.5.2. Instrumental fractionation corrections for Cu and Zn isotopes
Instrumental mass fractionation (or mass bias) corresponds to the

variable transmission of ion beam in the spectrometer, which result in
inaccuracies in isotope ratios measurements (Albarède and Beard,
2004). To correct it, techniques such as sample standard bracketing and
external normalization are employed. Briefly, during the sample stan-
dard bracketing (d-SSB) approach, samples are measured between two
standard runs, assuming that samples and standards fractionate to the
same degree during analytical session. This assumption does not ac-
count to temporal fractionation fluctuations that occur between stan-
dard and sample measurement (Marèchal et al., 1999). In the external
normalization, the instrumental fractionation (f) is monitored using a
dopant element, which is assumed to have similar fractionation of the
analyte. Zinc is commonly used for Cu correction and vice-versa. Dif-
ferent mathematical approaches derived from the exponential law have
been proposed: the modified sample standard bracketing (m-SSB), ex-
ponential sample standard bracketing (en-SSB) and external empirical
normalization (EEN) (Marèchal, 1999; Petit et al., 2008; Sossi et al.,
2015; Zhu et al., 2015). Details and equations are presented in the

supplementary material.
The extent of instrumental fractionation is influenced by the ana-

lyte-dopant (Zn/Cu) ratio and varies for different MC-ICP-MS instru-
ments (Archer et al., 2004; Chen et al., 2009; Araújo et al., 2016).
Therefore, analyte-dopant ratio should be assessed in each laboratory
context to improve the precision and accuracy of isotope analysis.

In this work, we investigate the instrumental fractionation behavior
concerning the analyte-dopant ratio and the best mass bias corrections
procedure. To this end, we assess the precision and accuracy obtained
by the use of direct sample standard bracketing (d-SSB) and the dif-
ferent external normalization techniques. The precisions and accuracy
were verified in the in-house standard (USP) and RMs (BHVO-2 and
AGV-1), spiked with variable Cu concentrations, from 100 to 600 ppb,
in different Cu/Zn ratios, from Cu/Zn= 0.1 to 10. The use of CRMs is
an approach more realistic than the use of artificial solution which did
not take account matrix effects, and hence, provide a better under-
standing of analyte dopant ratios on instrumental fractionation of real
samples. The signal intensity effects on measurements precision of Zn
and Cu isotopic compositions is also assessed and further discussed in
supplementary material.

2.5.3. Calibrating in-house reference standards and analysis of aerosol
samples, anthropogenic and reference materials

Our in-house references standards were calibrated against the in-
ternational standards to enable inter-laboratory comparisons. Then, the
results for the aerosols, anthropogenic materials and CRMs are reported
and compared with literature data to validate the methodology. The
precision of results is expressed as a combined precision using standard
deviation for a single run (sr) and run-to-run (srr) conditions
(Magnusson, 2014):

= +s s n s( / )t r rr
2 2 1/2 (3)

Fig. 2. Elution curves of RM (BRC-2 basalt) (A) and aerosol sample (C). The elemental concentrations of analytes (Pb, Cu and Zn) and interfering elements (Mg, Al,
Ca, Ti, Cr, Fe, Ni, Ba) were monitored in a resolution of 1.0 mL. The second Cu purification step of BCR-2 (B) and aerosol sample (D) are also presented. The elemental
amounts, present in each sample, submitted to the chromatographic procedure are shown in captions.
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3. Results and discussion

3.1. Calibration of ion exchange procedure for sequential separation of
lead, copper and zinc

The elution curves obtained for synthetic and true samples using our
modified protocol are shown in Fig. 2. The copper fraction was eluted
with residual interfering elements (Ti, Al, Mg). The presence of Ti and
Al in the Cu fractions may produce oxide and argide polyatomic in-
terferences (24Mg40Ar+; 48Ti16O+, 47Ti16O+, 27Al40Ar+) for Cu and Zn
isotopes, and hence must be removed from the Cu fraction before
spectrometric measurements (Sossi et al., 2015; Araújo et al., 2016;
Chapman et al., 2006). Thus, a second passage of Cu fraction in the
column was processed to eliminate totality residual matrix elements
(Fig. 2B and D). Interfering elements were not observed in the Zn
fractions (Fig. 2A and C).

Analysis of isotope compositions of eluted Cu and Zn fractions
showed δ-values about 0 ± 0.1‰, (2s, n=3), indicating no fractio-
nation during the elution processes. Elemental concentrations measured
before and after the ion exchange chromatography confirmed quanti-
tative recoveries of 100 ± 5% for lead, copper and zinc (Fig. 2A and
C). Although isotope fractionation does not occur during ion exchange
procedures in the case of Pb, quantitative recovery is a desirable out-
come due to the low concentrations (ng) of Pb typically found in aerosol
samples.

The procedural blanks related to chemical dissolution and ion ex-
change procedures are lower than 65 pg for Pb (n= 10), 1 ng for Cu,
and 3 ng for Zn. These blanks are lower than those published before for
atmospheric particles (Gioia et al., 2008; Dong et al., 2013). To assess
the total analytical blank, including membrane filter manipulation
(weighting, sampling), sample dissolution and ion exchange proce-
dures, analyses of membranes were performed. Total blank obtained
was 87 pg for Pb (n=5), 2.6 ng for Cu and 5.3 ng for Zn with blank/
analyte mass ratio lower than 0.01 for Pb (9×10−4), Cu (0.008) and
Zn (0.009). These results show blank contributions as small as 1%,
assuring no appreciable blank effect in the isotopic composition of
samples.

3.2. Method validation

3.2.1. Instrumental mass bias
The effect of analyte-dopant ratios (Cu/Zn) on precision and accu-

racy of δ66ZnUSP values was assessed with RMs (BHVO-2 and AGV-1).
The slopes obtained empirically with in-house standard solutions
ranged from 1.02 to 1.24, showing an increase when Zn > Cu
(Fig. 3A). The best precision for ratio measurements was achieved for
Zn/Cu=1 (± 0.04‰, 2σ, n=5), whereas for the spike/sample ratios
of Zn/Cu ≠ 1 the precision of the isotope ratio determinations was
lower (± 0.14‰, 2σ, n=4). This was more pronounced for CRMs
(Fig. 3B). Since the analyte/dopant= 1 provided the more precise re-
sults for our measurements, this ratio was employed in all standards
and samples analyzed during this study.

Long-term instrumental fractionation was monitored for two years
(2014–2016). Fig. 4A illustrates the slopes of ln(rCu) vs ln(rZn) plots
obtained in several analytical sessions by measurements of Zn and Cu
in-house standards (USP). The solutions had concentrations between
300 and 50 ppb and were spiked with Cue or Zn-dopant in a 1:1 M
ratio. The slopes exhibited low variability with an average of
1.02 ± 0.15 (± 2s), which agrees within error with the theoretical
value (1.02). These long-term investigations under variable conditions
using CRMs and international standards ensure the accuracy, precision
and robustness of fractionation corrections adopted in our metho-
dology.

The precision (± 2σ) of the main correction methods (d-SSB, en-
SSB and EEN) of CRM materials was assessed during selected analytical
sessions. The d-SSB method had lower precision (± 0.5‰, 2σ) in each

session compared to EEN (± 0.2‰, 2σ) and en-SSB (± 0.05‰)
(Fig. 4B). The precision using EEN procedure was dependent of em-
pirical linear fit (R2) in ln (rZn) x ln (rCu) plot, which is attained during
different Cu and Zn fractionation conditions (Fig. 4C). In session 3, the
EEN correction presented similar precision to that achieved for the en-
SSB method, as a result of the best linear fit (R2 > 0.95) (Fig. 4B).

Table 2 shows that δ66ZnUSP and δ65CuUSP values for CRMs using en-
SSB and EEN corrections varied within±0.05‰ (expressed as Δ(en-SSB-

EEN)). Although, δ66ZnUSP and δ65CuUSP values for CRMs using m-SSB
and en-SSB corrections (expressed as Δ(en-SSB-EEN)) have showed any
variation for δ66ZnUSP and small variation within±0.02‰ for
δ65CuUSP. Higher differences (± 0.25‰) were found between d-SSB
and en-SSB. Hence, m-SSB and en-SSB were the best methods. However,
the instrumental fractionation of analyte and dopant must be con-
tinuously verified in each analytical session. Peel et al. (2008) reported
variability of± 0.1‰ for m-SSB, en-SSB and EEN, which are slightly
higher compared to our measurements. These variabilities are asso-
ciated to the inaccuracies in results to assumptions made using the m-
SSB (fZn≈ fCu), EEN and en-SSB (fanalyte/fdopant).

3.2.2. Calibration of in-house standards
Our in-house standard (USP) were calibrated against the inter-

nationally recognized and widely used in-house standard Zn-JMC
(Lyon) standard and standard reference IRMM-3702. The Zn-USP
standard measured against IRMM showed values of δ66ZnUSP/
IRMM=−0.23 ± 0.05‰ (2s, n= 126) (Fig. S1A). With respect to the
Zn-JMC (Lyon) standard, measured against IRMM-3702, we obtained a
δ66ZnJMC/IRMM values of −0.28 ± 0.05‰ (2s, n= 36), which is
comparable with the values published in the literature (Cloquet et al.,
2006; Sossi et al., 2015; Araújo et al., 2016; Petit et al., 2008; Borrok
et al., 2010; Moeller et al., 2012). The measurements of Zn-USP against
JMC standard yielded ZnUSP/JMC = +0.03 ± 0.04‰ (2s, n = 30, Fig.

Fig. 3. (A) Effect of Zn/Cu ratios on instrumental fractionation and (B) for
fractionation correction to in-house solution and reference materials. The
proportions of Cu and Zn concentrations are indicated in the x-axis.
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S1B). The Cu-USP standard was measured in bracketing to Cu-NIST976
and also Cu-AE633 and the results were δ65CuUSP/NIST= 0.17 ±
0.04‰ (2σ, n= 15) and δ65CuUSP/AE633=−0.20 ± 0.06‰ (2σ,
n= 15) (Fig. S1C).

3.2.3. Accuracy and precision of Cu, Zn and Pb isotope measurements
Accuracy and precision obtained for CRMs (BHVO. BCR, BHVO,

BRP, NIST-2783, 2709-San Jaquin soil, 1646a-Estuarine sediments and
1573a-Tomato leaves) for Cu, Zn and Pb isotope measurements are
reported in Tables 3 and 4. Our data showed good agreement with the
previously published results in literature (Fig. S2) confirming the ac-
curacy of our methodology. In addition, Pb, Cu and Zn isotopic data

were determined for the first time on the NIST 2783 (δ65CuNIST
−0.02 ± 0.02‰, n= 3 and 206Pb/207Pb=1.153, n= 1) and BRP
(δ66ZnJMC=0.23 ± 0.05‰, n= 4) CRMs.

The combined precision of our methodology was estimated con-
sidering the average of combined precision obtained to all RMs (BHVO,
BCR, AGV, BRP) and unknown environmental samples measurements
(Table S1). The average combined precisions corresponded to±
0.035,± 0.13‰ and± 0.1‰ to 206Pb/204Pb, δ65CuNIST and δ66Zn,
respectively. The precision and accuracy obtained with our analytical
procedure demonstrates that it is adequate to be used for environmental
investigations using Pb, Cu and Zn isotopic compositions, such as at-
mospheric aerosols.

The zinc isotope compositions of aerosol samples and man-made
materials, align on the mass-dependent isotopic fractionation line (with
slope of 1.96), illustrated in the three-isotope plot of δ68Zn vs δ66Zn
(Fig. 5) (Souto-Oliveira et al., 2018). These results testify no significant
matrix effects and, hence, a good purification efficiency of our chro-
matographic procedure.

3.3. Isotopic signatures of Pb, Cu and Zn in aerosols and potential sources
from São Paulo and selected European cities: constrains about anthropogenic
sources contributions in urban atmosphere

Recent studies related to Zn and Cu isotope ratios in aerosols from
Barcelona and London led to the suggestion that the isotope signature
in each city is reflecting different contributions for Cu and Zn from
high-temperature processes (combustion) and from non-exhaust traffic
emissions (brake and tire wear). We aim to test this hypothesis further
by comparing the isotopic signatures of Pb, Cu and Zn of the main
sources with those of aerosol collected in São Paulo during this study
and comparing them with known emission inventories. Additionally,
we test the possible use of a multi-isotope approach to improve the
source discrimination.

To this end, we determined the Cu, Zn and Pb isotopic composition
in 57 samples of urban sources (fuels, tires, cement, road dust) and 113
aerosol samples collected in the São Paulo city. The aerosol samples
containing fine (PM2.5) and coarse (PM10-2.5) particles were collected
for 12 h each, during a period of 1 month in winter of 2013 (Souto-
Oliveira et al., 2018). In London, 18 aerosol samples containing coarse
particles (PM10-2,5), collected each for 48 h during July 2010, and 22
samples of urban sources (vehicular non-exhaust and road furniture)
were analyzed and the results published in a previous work (Dong et al.,
2017). Twenty aerosol samples from Barcelona, containing coarse
particles (PM10-2,5), were collected for 24 or 48 h over a period of 3
weeks during two sampling campaigns in 2012 and 2013 (Ochoa et al.,
2016).

The Zn isotopic signatures measured in aerosols from São Paulo
(δ66ZnJMC =−1.36 to +0.18‰) show a wider range during one month
than those measured in PM10 aerosol from London (δ66ZnJMC = −0.29
to +0.33‰) sampled during one week and PM2.5 aerosols from
Barcelona (δ66ZnJMC=−0.83 to −0.45‰) sampled during three

Fig. 4. Three-isotope plot δ68ZnUSP vs δ66ZnUSP representing reference material
and aerosol samples. The angular coefficient of the mass fractionation regres-
sion line obtained from experimental data (S=1.961 ± 0.03) approached the
theoretical value (S=1.942) (Young et al., 2002). All data fell within the 95%
confidence limit of the regression line, showing absence of isobaric inter-
ference.

Table 2
Comparison of δ66ZnUSP and δ65CuUSP values for rock reference material using different instrumental fractionation correction methods (d-SSB, m-SSB, en-SSB and
EEN). Mean was calculated considering m-SSB, en-SSB and EEN and standard deviation (2s). Delta (Δ) values are related to the difference between δ values obtained
by different correction methods.

Material d-SSB 2s m-SSB en-SSB EEN Mean 2s Δ (d-SSB-m-SSB) Δ (m-SSB-en-SSB) Δ (m-SSB-EEN) n

BCR-1 0.35 0.03 0.28 0.28 0.24 0.26 0.03 0.08 0.00 0.04 6
BCR-2 0.32 0.05 0.27 0.27 0.25 0.26 0.04 0.06 0.00 0.02 4
BHVO-2 0.40 0.07 0.33 0.33 0.31 0.32 0.04 0.07 0.00 0.03 4
AGV-1 0.54 0.10 0.28 0.28 0.26 0.27 0.02 0.26 0.00 0.02 2
BCR-1 −0.11 0.29 −0.04 −0.03 −0.06 −0.04 0.12 −0.07 −0.02 0.02 2
BCR-2 −0.09 0.05 0.10 0.10 0.05 0.08 0.12 −0.19 0.00 0.05 3
BHVO-2 −0.25 0.13 −0.14 −0.14 −0.16 −0.15 0.04 −0.11 0.00 0.02 2
AGV-1 −0.23 0.08 −0.19 −0.19 −0.20 −0.19 0.05 −0.05 0.00 0.01 2
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Table 3
Comparison of geological reference material to δ66ZnJMC, δ66ZnIRMM and δ65CuNIST976 values obtained in this study and reported in the literature. First δ65CuNIST976
value published to NIST-2783.

Material Reference δ66ZnJMC (‰) δ66ZnIRMM (‰) 2s n δ65CuNIST976 (‰) 2s n
BCR 2 This study 0.29 0.01 0.07 6 0.23 0.11 2

Archer and Vance (2004) 0.20 – 0.09 12 – – –
Chapman et al. (2006) 0.29 – 0.12 8 – – –
Cloquet et al. (2006) 0.32 – 0.13 2 – – –
Toutain et al. (2008) 0.26 – 0.04 5 – – –
Sonke et al. (2008) 0.25 – 0.04 4 – – –
Herzog et al. (2009) 0.33 – 0.09 2 – – –
Bigalke et al. (2010) 0.23 −0.09 0.08 2 0.19 0.08 1
Moeller et al. (2012) 0.33 0.04 0.13 3 0.14 0.05
Sossi et al. (2015) 0.25 −0.05 0.01 3 0.08 0.05 2
Araújo et al. (2016) 0.25 – 0.08 10 – – –

BCR 1 This study 0.30 0.00 0.09 4 0,11 0.12 2
Archer and Vance (2004) 0.20 – 0.08 12 0,07 0.08 6

BHVO 2 This study 0.33 0.06 0.06 5 0.08 0.07 2
Herzog et al. (2009) 0.29 – 0.09 – – – –
Moynier et al. (2009) – – – – 0.10 0.07 4
Moeller et al. (2012) 0.48 – 0.13 3 0.10 0.04 6
Sossi et al. (2015) 0.27 −0.03 0.06 – 0.01 0.05 2
Araújo et al. (2016) 0.25 – 0.09 10 – – –

BRP This study 0.23 −0.16 0.05 4 - - -

AGV 2 This study 0.27 0.04 0.03 2 −0.02 0.06 2
Moynier et al. (2009) – – – – 0,11 0,04 4
Moeller et al. (2012) 0.50 0.21 0.06 – 0,10 0,11 8
Araújo et al. (2016) 0.29 – 0.06 2 – – –

NIST 2783 This study 0.17 −0.13 0.03 - −0.02 0.02 -
Gioia et al. (2008) 0.17 – 0.10 – – – –

2709 San Joaquin Soil This study 0.29 - 0.10 4 - - -
Araújo et al. (2016) 0.28 – 0.10 4 – – –

1646a Estuarine sediment This study 0.37 - 0.02 3 - - -
Araújo et al. (2016) 0.32 – 0.06 4 – – –

1573a Tomato leaves This study 0.84 - 0.09 2 - - -
Araújo et al. (2016) 0.79 – 0.09 4 – – –

Table 4
Comparison of Pb isotopic compositions reported in literature with values obtained in this study for geological reference materials. First Pb isotopic composition
published to particulate reference standard (NIST-2783). a - values reported in analytical certifies of RM b– values for residual fraction.

Material Reference 206Pb/204Pb 2s 207Pb/204Pb 2s 208Pb/204Pb 2s

BCR-2 This study 18.740 0.005 15.600 0.006 38.653 0.007
18.736 0.010 15.596 0.010 38.638 0.011
18.744 0.005 15.606 0.006 38.673 0.005
18.741 0.009 15.604 0.009 38.667 0.010
18.747 0.015 15.611 0.016 38.696 0.019

Mean 18.744 0.007 15.604 0.012 38.666 0.044
USGSa 18.750 0.011 15.615 0.003 38.691 0.021
Collerson et al. (2002) 18.757 0.012 15.623 0.007 38.723 0.018
Baker et al. (2004) 18.765 0.011 15.628 0.005 38.752 0.022
Weis et al. (2006) 18.753 0.020 15.625 0.004 38.724 0.041

BHVO-2 This study 18.677 0.026 15.552 0.026 38.310 0.028
Collerson et al. (2002) 18.679 0.002 15.562 0.002 38.285 0.004
Baker et al. (2004) 18.649 0.019 15.540 0.017 38.249 0.022
Weis et al. (2006) 18.647 0.024 15.533 0.009 38.237 0.018

AGV-1 This study 18.909 0.006 15.624 0.006 38.453 0.007
18.902 0.004 15.617 0.005 38.429 0.004
18.901 0.006 15.616 0.008 38.429 0.007

Mean 18.904 0.009 15.619 0.009 38.437 0.028
Weis et al. (2006)b 18.900 0.009 15.610 0.010 38.564 0.043
Weis et al. (2006) 18.940 0.006 15.653 0.004 38.560 0.010

NIST-2783 This study 17.981 0.006 15.596 0.007 37.892 0.006

2709 San Joaquin Soil This study 19.070 0.017 15.635 0.011 38.831 0.028
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weeks (Fig. 6A). Road dust from São Paulo is characterized by iso-
topically heavy Zn (δ66ZnJMC = −0.03 to +0.34‰), similar to that
found in London. The range overlaps well with isotope signatures for Zn
in tires and brakes (δ66ZnJMC=0.00–0.22‰) and with ore con-
centrates (δ66ZnJMC = −0.04 to +0.30‰) used in industrial manu-
facturing. This suggests that the heavy Zn isotopic signatures measured
in aerosol of these cities can likely be attributed to road dust suspension
and non-exhaust sources (Fig. 6A) (Dong et al., 2017; Souto-Oliveira
et al., 2018).

Zinc isotopes furthermore enable to differentiate between non-ex-
hausts and exhaust vehicular emissions (Fig. 6A). Exhaust emissions
likely display a significantly lighter isotope ratios for gasoline exhaust
(δ66ZnJMC=−0.18 to −0.58‰, Fig. 6A) and for aerosols collected in
road tunnel, which have δ66ZnJMC values between −0.06 and −0.23‰
(Gioia et al., 2008; Souto-Oliveira et al., 2018). Aerosols in a roadside
tunnel are well known to be composed of sources from non-exhaust and
exhaust vehicular traffic (Martins et al., 2006; Brito et al., 2013).

Heavier Zn signatures of road dust and non-exhaust, similar with
those observed in ore concentrates, are in line with mechanical process
of tire wear, which not produce isotope fractionation (Ochoa et al.,
2016; Souto-Oliveira et al., 2018). The light isotope compositions of
exhaust vehicular emissions may result of similar mechanisms of iso-
tope fractionation observed in metallurgy industries (Sirvy et al., 2008)
and coal-combustion systems (Ochoa and Weiss, 2015), where com-
bustion processes enrich in light isotopes the fuel gas phase following
Rayleigh distillation model. Our results are therefore in line with the
previous indications that Zn isotopes are a tool for discriminating be-
tween Zn emitted during high-temperature processes such as combus-
tion or smelting and low-temperature processes (i.e., abrasion from
tires and brakes or electrochemical refining) (Ochoa and Weiss, 2015).

Isotopically lightest Zn was measured in aerosol in São Paulo
(δ66ZnJMC < −0.60‰) and in Barcelona (δ66ZnJMC < −0.45‰) and
in both studies it was explained with significant contributions from
industrial emissions (Fig. 6A) (Ochoa et al., 2016; Souto-Oliveira et al.,
2018). This assumption is largely based on previous work that reported
light Zn signatures emitted to atmosphere by metal refineries and

metallurgical plants (Mattielli et al., 2009; Yin et al., 2015). Further-
more, association of light Zn signatures with industrial emissions was
supported by other geochemical proxies, such as long-range transpor-
tation from an important industrial area (Cubatão) in São Paulo and by
enrichment factors of Cd and Zn in Barcelona (Gioia et al., 2010; Ochoa
et al., 2016; Souto-Oliveira et al., 2018).

The 206Pb/207Pb ratios measured in aerosol (1.16–1.31) and road
dust (1.16–1.19) from São Paulo are more radiogenic and more variable
than in aerosols from London (1.114–1.136) (Fig. 6B). The radiogenic
lead (206Pb/207Pb > 1.20) observed in aerosol from São Paulo are re-
lated to emissions from an industrial area (Cubatão; Gioia et al., 2016;
Souto-Oliveira et al., 2018). On the other hand, less radiogenic lead
found in aerosol and road dust from São Paulo has major contributions
of vehicular emissions. Similar observations were derived from Pb
isotope measurements in London, which contains Pb provided of non-
exhaust, re-mobilized Pb from leaded gasoline and road furniture
(Fig. 6B) (Dong et al., 2017; Souto-Oliveira et al., 2018).

Aerosol samples from São Paulo show a similar range in Cu isotope
signatures (δ65CuNIST =−0.01 to +0.55‰) like London and Barcelona
(Fig. 6C). The signatures observed are in line with those of road dust
(δ65CuNIST = −0.28 to +0.30‰), road furniture (δ65CuNIST = −0.12
to +0.55‰), vehicular traffic (δ65CuNIST = +0.46 to +0.59‰), non-
exhaust (δ65CuNIST = +0.27 to +0.62‰) and cement
(δ65CuNIST = +0.10 to +0.61‰). Positive Cu isotope signatures found
in cement agree with signatures typically found in silicates
(δ65CuNIST= 0.09 ± 0.24‰), fly ash (δ65CuNIST = +0.11 ± 0.08‰)
and other raw materials (i.e. limestone, calcite and gypsum) used for
the production of cement (Asael et al., 2007; Bigalke et al., 2010). In
previous work, Souto-Oliveira and colleagues have suggested that
contributions from cement, vehicular traffic and road dust can be dis-
tinguished using Cu isotopes (Souto-Oliveira et al., 2018). In Barcelona,
isotopically heavier Cu (δ65CuNIST = +0.04 to +0.36‰) was tenta-
tively associated to non-exhaust emissions based on Cu/Sb ratio in
brake wear (4.6 ± 2.3) and PM10 (6.7–11.6) samples with high ve-
hicular contributions. In opposite, PM2.5-80 samples from London col-
lected during winter have showed Cu/Sb ratio between 19 and 31,
which was mostly associated to contributions of fossil fuel (Ochoa et al.,
2016).

Fig. 7A and B shows distintic fields for aerosol from São Paulo,
London and Barcelona using bivariant plots including Cu, Zn and Pb
isotopes. These fields are in line with the statement that each city
present own “isotopic signature”, pointed out by Ochoa et al. (2016).

Similarity of Zn isotopic signatures found in tires (non-exhaust)
from São Paulo and London suggest that these source fingerprint may
be more general and therefore useful for future air quality models. In
addition, industrial emissions in São Paulo city are well separated from
vehicular traffic (exhaust and non-exhaust) using Zn isotopes.
Contributions from specific industrial area (i.e., Cubatão) are identified
using Pb isotopes (Fig. 7A). Metallurgical industries in Cubatão and
other areas around São Paulo city are the major source of Zn and Pb
emissions. The isotope fields of road furniture, surface tarmac and
manhole cover, partially overlap isotopic field of road dust from São
Paulo (Fig. 7A), which suggest that these are important sources to be
assessed in the future studies in São Paulo (Kumar et al., 2016).

Combining zinc and copper isotope systems in a bivariant plot dis-
criminates between vehicular traffic, road dust and cement from São
Paulo (Fig. 7B). Zinc isotope systems differentiate vehicular traffic from
road dust, while Cu isotopes discriminate cement from road dust.
Aerosols samples from São Paulo, London and Barcelona have similar
Cu isotopic signatures (Fig. 6C) but the δ66ZnJMC vs δ65CuNIST diagram
allow to visualize contributions of road dust, road furniture, vehicular
traffic, non-exhaust and cement to these aerosol samples.

The sources contributions in aerosol derived using Pb, Cu and Zn
isotopes are in line with atmospheric emissions inventory for particu-
late matter (PM10 and PM2.5) from São Paulo, London and Barcelona
(Fig. 7C) (CETESB, 2013; LAEI, 2010; APICE, 2012). The emission

Fig. 5. Long-term and intra-session instrumental fractionation and precision of
the main correction methods (d-SSB, en-SSB and EEN). (B) Variability of in-
strumental mass fractionation during two years (2014–2016) of measurements
in various analytical sessions. (C) Cooper and Zinc fractionations during 4
analytical sessions (8–10 h each) by measurements of international standard
solution (300 ppb of Cu NIST976 and Zn IRMM3702). Application of the main
fractionation methods correction (en-SSB, d-SSB and EEN) in international
standards. For each session, a coefficient of determination (r2) was calculated to
constrain the precision of EEN and dependency of linear fit.
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inventories show that vehicular traffic, named as road transport,
showed higher contributions in São Paulo and London than in Barce-
lona and industrial emissions have higher contributions in Barcelona
than in São Paulo and London. The emission inventories are described
in more detail in Supplementary information. Isotope fingerprints
should be an important tool to improve sources identification in emis-
sions inventories and air quality studies. To this end, extensive isotopic
characterization of main anthropogenic sources, shown Fig. 7C, must be
developed.

Recent studies have supported the relevance of the isotopic systems
to trace atmospheric sources in urban, industrial and remote areas
(Gioia et al., 2016; Widory et al., 2004, 2010; Sonke et al., 2008; Yin
et al., 2015; Souto-Oliveira et al., 2018; Dong et al., 2017; Ochoa et al.,
2016), and applying a multi-isotope approach may be the key to dis-
criminate and identify multiple sources in complex systems as the at-
mosphere.

4. Conclusions

We present an analytical procedure that allows a simultaneous se-
paration and purification of Pb, Cu and Zn elements, followed by iso-
topic analysis using TIMS and MC-ICP-MS. Efficiency and robustness of
our procedure was tested with various complex matrix such as aerosol,
environmental samples (rocks, sediments and soil) and anthropogenic
materials (tire, cement). The accurate and simple procedure includes a
sequential chromatographic separation protocol with recovery yields
close to 100% and complete purification of interfering elements ma-
trices. Precision obtained for CRMs and unknown samples (tire, road
dust and cement) was± 0.035 for 206Pb/204Pb ratios, ± 0.1‰ for
δ66ZnJMC and±0.13‰ for δ65CuNIST values. This precision was
achieved optimizing several investigations on instrumental fractiona-
tion correction, which showed better precision for external normal-
ization and analyte-dopant ratio= 1. Accuracy was assessed using
certified reference materials (BCR 1,2 and BHVO2-basalt, AGV 2-an-
desite, 2783-aerosol, 2709-San Joaquin soil, 1646a-estuarine sediment,
1573a-tomato leaves), which agreed with reported data from other

Fig. 6. Comparison of Pb, Cu and Zn isotopic signatures intervals measured on aerosol and urban sources from São Paulo, London and Barcelona cities. (a – Souto-
Oliveira et al. (2018), b – Gioia et al. (2017), c – Gioia et al. (2008), d – Dong et al. (2017), e – Ochoa Gonzalez et al. (2016)).
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laboratories. Furthermore, we report the first Pb and Cu isotopic data
on aerosol (NIST-2783) and soil (San Joaquin-2709) RMs and Zn iso-
topic composition on BRP-1 RM.

The analytical procedure was employed to analyze 57 samples of
urban sources (tires, cement, road dust) and 113 aerosol samples from
São Paulo city. We compared the isotope signatures of Pb, Cu and Zn in
the main urban sources and aerosol from São Paulo, London and

Barcelona using 206Pb/207Pb vs δ66ZnJMC and δ66ZnJMC vs δ65CuNIST
bivariate plots. In these diagrams, Zn isotopes discriminate between
non-exhaust and exhaust traffic and industrial emissions with iso-
topically positive, slightly negative and negative signatures, respec-
tively. Industrial emissions from São Paulo and road dust from São
Paulo and London were successfully separated using Pb isotopes. In
addition, vehicular traffic, road dust and cement sources were dis-
tinguished by Zn and Cu isotopes. These multi-isotopic diagrams de-
monstrated as a powerful tool to discriminate between many sources in
complex systems as polluted atmospheres in urban areas. However,
fractionation process during aerosol transportation in atmosphere must
be evaluated in future studies to improve these diagrams.

The Zn isotopic signatures of non-exhaust emissions from São Paulo
and London showed similar values, indicating that this isotopic fin-
gerprint possibly is the same in different cities and has potential to be
used as reference in future studies. Road dust from London differ from
São Paulo city due the less radiogenic isotopic signatures associated to
re-mobilized Pb from leaded gasoline, which remains an important
source to road dust from London. The positive δ66ZnJMC and δ65CuNIST
values in aerosols from São Paulo and London have similar signatures
like vehicular traffic (exhaust + non-exhaust), road dust, road furniture
and cement, whereas isotopically negative Zn found in aerosols from
São Paulo and Barcelona was associated to industrial emissions.

Our critical comparison of Pb, Cu and Zn isotopes signatures of the
sources and aerosol from São Paulo, London and Barcelona are in line
with atmospheric inventory emissions of these cities and show that si-
milar anthropogenic sources, as tires from São Paulo and London,
follow also similar isotope patterns for specific elements, in some cases,
with overlap of isotope signatures. This is an indicative that some an-
thropogenic sources may present isotope signatures independent of the
city.
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