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Figure S1. Ranges for kinetic parameters obtained with global optimization to experimental data. Multiple optimizations give rise to estima-

tions of fit parameter uncertainty.
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Figures S2–S10 show the main sources and sinks for different model species with respect to the chemical reactions that they

undergo in the model.

Figures S2 and S3 show the main chemical reactions that contribute to H2O2 production as a function of quinones and

copper, respectively.5

Across all quinones, we find that the main source of H2O2 is the reaction of ascorbic acid (AA) with HO2, leading to the

formation of the ascorbyl radical (AA•) and H2O2 (R49, Tab. S1, Fig. S1). For NQN12, at high concentration, the contribution

of H2O2 from R49 decreases, while the reaction of the ascorbyl radical with O−
2 (R81, Tab. S1) increases, resulting in an

approximately equal contribution from both pathways (Fig. S2a).

For copper, we find that at low concentrations, the main source of H2O2 stems from the reaction of ascorbic acid (AA) with10

HO2, leading to the formation of the ascorbyl radical (AA•) and H2O2 (R49, Tab. S1, Fig. S1). At higher Cu concentrations,

the reaction Cu(I) + O−
2 (R35, Tab. S1) also begins to contribute significantly to H2O2 production.

Figure S4 shows the main chemical reactions that contribute to OH production as a function of copper concentration. At low

Cu concentrations, OH production occurs primarily through the reaction of AA with H2O2 (R48, Tab. S1), whereas at higher

Cu concentrations, the pseudo-Fenton reaction of Cu(I) with H2O2 (R56, Tab. S1) becomes dominant.15

Figure S5 shows the concentrations of ROS and transition metals (Cu (A), Fe (B)) over time in the presence of ascorbic acid.

Figure S6 shows the main chemical reactions that contribute to DHA production as a function of Cu concentration. The

largest source of DHA is the disproportionation reaction of the ascorbyl radical (AA•, R44, Tab. S1), which can be produced

by the redox reaction between AA and transition metal ions such as Fe and Cu.

Figure S7A shows the main reactions of DTT in the presence of manganese. The largest sink for DTT at low Mn(II)20

concentrations is HO2 (R58, Tab. S1), whereas at higher concentrations, Mn(II) and Mn(III) become the dominant sinks.

Figure S7B shows the concentration of DTT at the end of the simulation as a function of Mn(II) concentration.

Figure S7C shows the main reaction channels that HO2 undergoes in the simulation as a function of Mn concentration. At

higher Mn(II) concentrations, HO2 reacts with Mn(II) to form MnO2.

Figure S7D shows the MnO2 concentration as a function of time. The higher the initial Mn concentration, the more MnO225

accumulates in the kinetic model.

Figure S8A shows the concentration of DTT at the end of the simulation as a function of Cu(II) concentration. Figure S8B

shows the main reactions of DTT in the presence of Cu. The largest sink of DTT is the formation of the [Cu2+(DTT2−)2]2−

complex.

Figure S9 shows the main reactions that DTT undergoes in the simulation. The dominant reactions involving DTT are DTT30

+ HO2 and DTT + quinones.

Figure S10 shows the concentration of DTT at the end of the simulation as a function of quinone concentration.
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Figure S2. Normalized sources of H2O2 as a function of 1,2-NQN (A), 1,4-NQN (B) and PQN (C) concentrations.
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Figure S3. Normalized sources of H2O2 as a function of Cu concentration.
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Figure S5. Concentration of ROS and TMs (Cu (A), Fe (B)) over time.
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Figure S6. Normalized sources of DHA as a function of Cu concentration.
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Figure S7. Normalized sinks of DTT (A), final DTT concentration (B), and normalized sinks of HO2 (C) as a function of Mn concentration.

Panel D shows the MnO +
2 concentration over time.
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Figure S8. End concentration of DTT (A) and normalized sinks of DTT as a function of Cu concentration (B).
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Figure S9. Normalized sinks of DTT as a function of 1,2-NQN (A), 1,4-NQN (B) and PQN (C) concentrations.
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Figure S10. End concentration of DTT as a function of 1,2-NQN (A), 1,4-NQN (B) and PQN (C) concentrations.
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Figure S11. Correlation scatter plots of model-predicted and measured OP for particulate matter samples using source-apportioned SOA as

input for samples from Grenoble (OPAA: panel A, and OPDTT: panel C) and Paris (OPAA: panel B, and OPDTT: panel D). Data shown in blue

indicate OPDTT (in units of nmol min−1 m−3), while the red and pink data show OPAA (in units of nmol min−1 m−3) and OPDHA (in units of

nmol m−3). The dashed lines indicate the 1:1 line. The dotted lines indicate the 2:1 and 1:2 lines. The error bars indicate the maximum and

minimum values from the ensemble fits.
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Figure S12. Sensitivity study on the correlation of model-predicted and measured OP using an increased organic hydroperoxide (ROOH)

content of 80% of total OA.
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Figure S13. Sensitivity study on the correlation of model-predicted and measured OP using a decreased organic hydroperoxide (ROOH)

content of 20% of total OA.
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Figure S14. Correlation scatter plots of model-predicted and measured OP for particulate matter samples collected in three different sites

across Europe by applying a solubility factor of 40% for organics and 10% for quinones.
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Figure S15. Difference between model-predicted and measured OP particulate matter samples collected in London during Summer at MY

as a function of meteorological conditions.
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Figure S16. Contributions of different PM constituents to OPAA (A), OPDTT (B), OPOH (C), and OPH2O2 (D) in Paris. The "Mixture" bar

shows the model result when all species are included in the model. The "Single pollutants" bar indicates a scenario where only one specific

species was included. The "Shapley values" bar is calculated using the Shapley analysis.
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OPDHA: London (HOP, Winter)
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Figure S17. Contributions of different PM constituents to OPDHA (A), OPDTT (B), OPOH (C), and OPH2O2 (D) in London during Winter at

HOP. The "Mixture" bar shows the model result when all species are included in the model. The "Single pollutants" bar indicates a scenario

where only one specific species was included. The "Shapley values" bar is calculated using the Shapley analysis.
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OPDHA: London (MY, Summer)
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Figure S18. Contributions of different PM constituents to OPDHA (A), OPDTT (B), OPOH (C), and OPH2O2 (D) in London during Summer at

MY. The "Mixture" bar shows the model result when all species are included in the model. The "Single pollutants" bar indicates a scenario

where only one specific species was included. The "Shapley values" bar is calculated using the Shapley analysis.
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Figure S19. Deconvolution of the Shapley values into first and higher-order effects of PM constituents towards OPAA (A), OPDTT (B), OPOH

(C), and OPH2O2 (D) in Grenoble.

S17



0.572

0.0584

1.43

0.0151

0.00

ca
no

nic
al 

Sha
ple

y

Cu

Fe

Org

Mn

Q

OPAA: Paris

0.621 0.00954 -0.00532 0.00233 0.00 -0.0556

0.0654 0.00954 0.0415 0.00198 0.00 -0.0598

1.45 -0.00532 0.0415 0.00324 0.00 -0.0597

0.0149 0.00233 0.00198 0.00324 0.00 -0.00735

0.00132 0.00 0.00 0.00 0.00 0.00

1s
t o

rde
r

2n
d o

rde
r (w

ith
 C

u)

2n
d o

rde
r (w

ith
 Fe)

2n
d o

rde
r (w

ith
 O

rg)

2n
d o

rde
r (w

ith
 M

n)

2n
d o

rde
r (w

ith
 Q

)

hig
he

r o
rde

r (a
ll)

-2

-1

0

1

2
-0.533

-1.17

4.86

0.0644

0.0861

ca
no

nic
al 

Sha
ple

y

Cu

Fe

Org

Mn

Q

OPDTT: Paris

0.313 -0.0731 -1.66 -0.11 -0.134 1.13

0.0228 -0.0731 -1.99 -0.129 -0.161 1.17

7.64 -1.66 -1.99 -0.129 -0.161 1.16

0.264 -0.11 -0.129 -0.129 -0.0842 0.252

0.333 -0.134 -0.161 -0.161 -0.0842 0.294

1s
t o

rde
r

2n
d o

rde
r (w

ith
 C

u)

2n
d o

rde
r (w

ith
 Fe)

2n
d o

rde
r (w

ith
 O

rg)

2n
d o

rde
r (w

ith
 M

n)

2n
d o

rde
r (w

ith
 Q

)

hig
he

r o
rde

r (a
ll)

-6

-4

-2

0

2

4

6

0.0174

-0.0507

0.233

0.00171

0.00

ca
no

nic
al 

Sha
ple

y

Cu

Fe

Org

Mn

Q

OPOH: Paris

0.00722 0.0123 0.00 0.00 0.00 -0.00223

0.0107 0.0123 -0.0728 0.00139 0.00 -0.00248

0.308 0.00 -0.0728 0.00 0.00 -0.00244

0.00 0.00 0.00139 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

1s
t o

rde
r

2n
d o

rde
r (w

ith
 C

u)

2n
d o

rde
r (w

ith
 Fe)

2n
d o

rde
r (w

ith
 O

rg)

2n
d o

rde
r (w

ith
 M

n)

2n
d o

rde
r (w

ith
 Q

)

hig
he

r o
rde

r (a
ll)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.0505

-0.0079

0.00212

0.00656

0.00

ca
no

nic
al 

Sha
ple

y

Cu

Fe

Org

Mn

Q

OPH
2
O

2: Paris

0.0685 -0.0172 0.00 0.00152 0.00 -0.00245

0.0164 -0.0172 -0.00377 0.00 0.00 -0.00266

0.00755 0.00 -0.00377 0.00 0.00 -0.00251

0.00634 0.00152 0.00 0.00 0.00 -0.00173

0.00105 0.00 0.00 0.00 0.00 0.00

1s
t o

rde
r

2n
d o

rde
r (w

ith
 C

u)

2n
d o

rde
r (w

ith
 Fe)

2n
d o

rde
r (w

ith
 O

rg)

2n
d o

rde
r (w

ith
 M

n)

2n
d o

rde
r (w

ith
 Q

)

hig
he

r o
rde

r (a
ll)

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

(A) (B)

(C) (D)

Figure S20. Deconvolution of the Shapley values into first and higher-order effects of PM constituents towards OPAA (A), OPDTT (B), OPOH

(C), and OPH2O2 (D) in Paris.
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Figure S21. Deconvolution of the Shapley values into first and higher-order effects of PM constituents towards OPDHA (A), OPDTT (B), OPOH

(C), and OPH2O2 (D) in London during Winter at HOP.
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Figure S22. Deconvolution of the Shapley values into first and higher-order effects of PM constituents towards OPDHA (A), OPDTT (B), OPOH

(C), and OPH2O2 (D) in London during Summer at MY.
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Figure S23. Main sinks of ascorbic acid for Grenoble (A) and Paris (B).
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Figure S24. Main sources of dehydroascorbic acid for London Winter (A) and London Summer (B). Main sources of ascorbyl radical for

London Winter (C) and London Summer (D).

S21



OPDTT: Grenoble - Cu sinks

100%

Cu2+HO2=Cu1+O2

OPDTT: Grenoble - Fe sinks

100%

Fe3+HO2=Fe2+O2

(A) (B)

Figure S25. Main sinks of Cu(II) and Fe(III) in the DTT assay for Grenoble data.
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Figure S26. Main sources of OH for Grenoble data.
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Figure S27. Main sinks of Fe(II) in the OH assay for Grenoble data.
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Figure S28. Main sinks of ROOH in the OH assay for Grenoble (A), Paris (B), London in Winter (C) and London in Summer (D).
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Figure S29. Sensitivity study of using lowered soluble fractions of transition metal ions for the simulation of OPDHA for particulate matter

samples collected in London during (A) Summer at MY and (B) Winter at HOP.
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Figure S30. Sensitivity study of using increased soluble fractions of transition metal ions for the simulation of OPDHA for particulate matter

samples collected in London during (A) Summer at MY and (B) Winter at HOP.
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Figure S31. Sensitivity study on the contributions of different PM constituents to OPDHA ,OPDTT, OPOH, OPH2O2 in London during Winter

at HOP with (A-D) 2 times higher and (E-H) 2 times lower metal solubility.
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Figure S32. Sensitivity study on the contributions of different PM constituents to OPDHA ,OPDTT, OPOH, OPH2O2 in London during Summer

at MY with (A-D) 2 times higher and (E-H) 2 times lower metal solubility.
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Figure S33. Correlation matrix between intrinsic OP assays in Grenoble.
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Figure S34. Correlation matrix between intrinsic OP assays in Paris.
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Figure S35. Correlation matrix between intrinsic OP assays in London during Winter at HOP.
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Figure S36. Correlation matrix between intrinsic OP assays in London during Summer at MY.
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2 Supplementary Tables

Table S1. Chemical reactions included in the KM-OP model. The respective lower and upper boundaries indicate the initial constraints of the

fit ensemble. Values that were fixed during the fitting procedure are indicated using square brackets. Species in parenthesis in the chemical

reaction refer to those that partake in the chemical reaction but do not influence the reaction rate and order. The rate coefficients are for

298 K in units of cm3 s−1, unless otherwise noted. For their temperature dependence, all reaction rate coefficients were assumed to follow

Arrhenius behavior with an activation energy of 50 kJ mol−1. The rate coefficients R111-R135 are for 310 K. Fast proton transfer reactions

in the model are not explicitly resolved, instead the protonated or deprotonated forms are lumped into one single model species. For the

chemical reactions that only the protonated or deprotonated forms undergo, we infer their individual concentrations based on the pH.

Reaction number Reaction Range Best fit Reference

SR1 OH + AA→AA• + OH– [1.20 × 10−11] Shen et al. (2021)

SR2 OH + UAH→UA + OH– [1.20 × 10−11] Lakey et al. (2016)

SR3 OH + GSH→GS + OH– [1.70 × 10−11] Lakey et al. (2016)

SR4 OH + GSSG→product + OH– [1.20 × 10−11] Assumed to be fast

SR5 OH + Cit→product + + OH– [9.7 × 10−14] Liu et al. (2017)

SR6 1,2 – NQN + AA→1,2 – NQN• + AA• 1.50 × 10−22 – 1.50 × 10−16 1.74 × 10−19 This study

SR7 1,2 – NQN• + O2 →1,2 – NQN + O2
– [1.35 × 10−14 ] This study

SR8 1,2 – NQN• + O2
– (+ 2H+) → 1,2 – NQN + H2O2 3.3 × 10−15 – 3.3 × 10−11 4.91 × 10−12 This study

SR9 1,2 – NQN• + Fe(III)→1,2 – NQN + Fe(II) 1.00 × 10−19 – 1.00 × 10−13 1.19 × 10−16 This study

SR10 1,4 – NQN + AA→1,4 – NQN• + AA• 1.50 × 10−22 – 1.50 × 10−16 5.37 × 10−21 This study

SR11 1,4 – NQN• + O2 →1,4 – NQN + O2
– [3.06 × 10−14 ] This study

SR12 1,4 – NQN• + O2
– (+ 2H+) → 1,4 – NQN + H2O2 3.3 × 10−15 – 3.3 × 10−11 3.72 × 10−12 This study

SR13 PQN + AA→PQN• + AA• 1.50 × 10−22 – 1.50 × 10−16 1.45× 10−20 This study

SR14 PQN• + O2 →PQN + O2
– [2.31 × 10−14 ] This study

SR15 PQN• + O2
– (+ 2H+) → PQN + H2O2 3.30 × 10−15 – 3.30 × 10−11 1.25 × 10−12 This study

SR16 Fe(III) + AA→Fe(II) + AA• 6.97 × 10−21 – 6.97 × 10−19 2.39 × 10−19 This study

SR17 Fe(II) + O2 →Fe(III) + O2
– [4.48 × 10−21 ] Gonzalez et al. (2021)

SR18 Fe(II) + O2
– (+ 2H+) → Fe(III) + H2O2 [1.66 × 10−14 ] Ervens et al. (2003)

SR19 Fe(II) + OH→Fe(III) + OH– [5.81 × 10−13 ] Halliwell and Gutteridge (2015)

SR20 Fe(III) + HO2 →Fe(II) + O2 + H+ [2.16 × 10−16 ] Ervens et al. (2003)

SR21 Fe(III) + O2
– →Fe(II) + O2 [2.49 × 10−13 ] Ervens et al. (2003)

SR22 Fe(II) + H2O2 (+ 2H+) → Fe(IV) + 2 H2O 8.14 × 10−19 – 8.14 × 10−17 1.10 × 10−17 This study

SR23 Fe(II) + H2O2 →Fe(III) + OH + OH– 1.26 × 10−20 – 1.26 × 10−18 2.96× 10−19 This study

SR24 Fe(II) + Fe(IV)→Fe(III) + Fe(III) [6.60 × 10−18 ] Lakey et al. (2016)

SR25 Fe(IV) (+ H2O) → Fe(III) + OH + H+ 1.30 × 10−4 – 1.30 s−1 0.0102 This study

SR26 H2O2 + OH→HO2 + H2O [5.50 × 10−14] Lakey et al. (2016)

SR27 OH + OH→H2O2 [8.60 × 10−12 ] Lakey et al. (2016)

SR28 OH + HO2 →O2 + H2O [1.66 × 10−11 ] Ervens et al. (2003)

SR29 HO2 + HO2 →H2O2 + O2 [1.40 × 10−15] Lakey et al. (2016)

SR30 H2O2 + HO2 → OH + O2 + H2O [5.00 × 10−21 ] Lakey et al. (2016)

SR31 HO2 + O2
– (+ H2O) → H2O2 + O2 + OH– [1.70 × 10−13 ] Ervens et al. (2003)

SR32 OH + O2
– →O2 + OH– [1.83 × 10−11] Ervens et al. (2003)
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Table S1. Continued.

Reaction number Reaction Range Best fit Reference

SR33 Cu(II) + AA→Cu(I) + AA• 1.46 × 10−19 – 1.46 × 10−17 4.98× 10−19 This study

SR34 Cu(I) + O2 →Cu(II) + O2
– [7.64 × 10−16 ] Ervens et al. (2003)

SR35 Cu(I) + O2
– (+ 2H+) → Cu(II) + H2O2 1.56 × 10−12 – 1.56 × 10−10 1.74 × 10−12 This study

SR36 Cu(I) + OH→Cu(II) + OH– [4.98 × 10−12 ] Ervens et al. (2003)

SR37 Cu(I) + H2O2 →Cu(III) + OH– + OH– 1.16 × 10−19 – 1.16 × 10−14 5.11× 10−16 This study

SR38 Cu(I) + Cu(III)→Cu(II) + Cu(II) [5.80 × 10−12 ] Lakey et al. (2016)

SR39 Cu(II) + H2O2 →Cu(I) + HO2 + H+ [7.64 × 10−19 ] Pham et al. (2013)

SR40 Cu(II) + O2
– →Cu(I) + O2 [1.83 × 10−11 ] Ervens et al. (2003)

SR41 Cu(II) + HO2 →Cu(I) + O2 + H+ [1.66 × 10−13 ] Ervens et al. (2003)

SR42 Cu(I) + HO2 (+H+) → Cu(II) + H2O2 [4.98 × 10−12 ] Ervens et al. (2003)

SR43 Cu(III) (+ H2O) → Cu(II) + OH + H+ 2.32 × 10−3 – 2.32 s−1 0.59 This study

SR44 AA• + AA•→AA + DHA [5.00 × 10−16 ] Lakey et al. (2016)

SR45 AA + GS→AA• + GSH [1.00 × 10−12 ] Lelieveld et al. (2021)

SR46 AA + UA→AA• + UAH [1.70 × 10−15 ] Lelieveld et al. (2021)

SR47 UAH + GS→UA + GSH [5.00 × 10−14 ] Lelieveld et al. (2021)

SR48 AA + H2O2 →AA• + OH + OH– 2.19 × 10−23 – 2.19 × 10−19 2.54 × 10−22 This study

SR49 AA + HO2 (+ H+) → AA• + H2O2 [2.65 × 10−17 ] Lelieveld et al. (2021)

SR50 AA + O2
– (+ 2H+) → AA• + H2O2 [5.10 × 10−17 ] Lelieveld et al. (2021)

SR51 OH + Benzoate→BenzOH [1.00 × 10−11 ] Lakey et al. (2016)

SR52 O2
– + O2

– (+ 2H+) → H2O2 + O2 [2.49 × 10−14 ] Kohen and Nyska (2002)

SR53 GS– + H2O2 →GSSG + H2O + OH– [1.44 × 10−21 ] Lelieveld et al. (2021)

SR54 GS– + H2O2 →GSOH + OH– [1.60 × 10−21 ] Lelieveld et al. (2021)

SR55 O2
– + GSH→GS + H2O2 [3.32 × 10−19 ] Lelieveld et al. (2021)

SR56 Cu(I) + H2O2 →Cu(II) + OH + OH– 1.16 × 10−19 – 1.16 × 10−15 2.44 × 10−17 This study

SR57 DTT + OH (+ H+) → DTT• + H2O [1.66 × 10−11 ] Netto and Stadtman (1996)

SR58 DTT + HO2 (+ H+) → DTT• + 2 OH– 2.65 × 10−17 – 2.65 × 10−13 1.86 × 10−15 This study

SR59 DTT + H2O2 (+ H+) → DTT• + H2O + OH– [3.04 × 10−21 ] Netto and Stadtman (1996)

SR60 Fe(III) + DTT→DTT• + Fe(II) [4.65 × 10−21 ] Netto and Stadtman (1996)

SR61 Cu(II) + DTT→ [Cu2+(DTT2 – )] 2.00 × 10−21 – 2.00 × 10−17 8.43 × 10−20 This study

SR62 [Cu2+(DTT2 – )] + DTT→ [Cu2+(DTT2 – )2]2 – 2.00 × 10−19 – 2.00 × 10−15 1.55 × 10−16 This study
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Table S1. Continued.

Reaction number Reaction Range Best fit Reference

SR63 [Cu2+(DTT2 – )2]2 – → [Cu+(DTT2 – )(DTT•– )]2 – 2.00 × 10−3 – 2.00 × 101 s−1 0.49 This study

SR64 [Cu+(DTT2 – )(DTT•– )]2 – + O2 → [Cu+(DTT2 – )(DTTOO•– )]2 – 2.00 × 10−19 – 2.00 × 10−15 1.33 × 10−17 This study

SR65 [Cu+(DTT2 – )(DTTOO•– )]2 – + DTT→ [Cu2+(DTT2 – )] + 2 RSSR 2.00 × 10−18 – 2.00 × 10−14 3.11 × 10−16 This study

SR66 [Cu2+(DTT2 – )]→ [Cu+(DTT•– )] 2.00 × 10−3 – 2.00 × 101 s−1 0.54 This study

SR67 [Cu+(DTT•– )] + O2 → [Cu+(DTTOO•– )] 2.00 × 10−23 – 2.00 × 10−19 2.87 × 10−21 This study

SR68 [Cu+(DTTOO•– )]→Cu(I) + RSSR + HO2 2.00 × 10−6 – 2.00 × 10−2 s−1 6.35× 10−4 This study

SR69 Fe(IV) + DTT→Fe(III) + DTT• 5.00 × 10−19 – 5.00 × 10−15 1.30 × 10−16 This study

SR70 DTT• + DTT→RSSR•– 1.00 × 10−14 – 1.00 × 10−11 1.36 × 10−13 This study

SR71 DTT• + O2 →RSS + HO2 [1.18 × 10−12 ] This study

SR72 1,2 – NQN + DTT→1,2 – NQN• + DTT• 8.00 × 10−23 – 8.00 × 10−17 2.11 × 10−19 This study

SR73 RSSR•– + 1,2 – NQN→RSSR + 1,2 – NQN• 1.00 × 10−19 – 1.00 × 10−13 1.70 × 10−17 This study

SR74 DTT• + 1,2 – NQN→RS – 1,2 – NQN 1.00 × 10−18 – 1.00 × 10−12 2.11 × 10−15 This study

SR75 1,4 – NQN + DTT→1,4 – NQN• + DTT• 5.00 × 10−24 – 5.00 × 10−18 1.22 × 10−20 This study

SR76 RSSR•– + 1,4 – NQN→RSSR + 1,4 – NQN• 1.00 × 10−19 – 1.00 × 10−13 7.53 × 10−14 This study

SR77 DTT• + 1,4 – NQN→RS – 1,4 – NQN 1.00 × 10−18 – 1.00 × 10−12 5.19 × 10−13 This study

SR78 PQN + DTT→PQN• + DTT• 6.00 × 10−22 – 6.00 × 10−16 3.61 × 10−19 This study

SR79 RSSR•– + PQN→RSSR + PQN• 1.00 × 10−19 – 1.00 × 10−13 6.76 × 10−14 This study

SR80 DTT• + PQN→RS – PQN 1.00 × 10−18 – 1.00 × 10−12 2.42× 10−16 This study

SR81 AA• + O2
– (+ 2H+) → DHA + H2O2 1.00 × 10−16 – 1.00 × 10−12 4.35× 10−14 This study

SR82 DHA + OH → product [1.66 × 10−11 ] Shen et al. (2021)

SR83 DHA + H2O2 →product [6.97 × 10−23 ] Shen et al. (2021)

SR84 DHA (+ H2O) → DKG 4.8 × 10−6 – 4.8 × 10−2 s−1 8.89 × 10−4 This study

SR85 Mn(II) + DTT→Mn(I) + DTT• 5.00 × 10−23 – 5.00 × 10−19 3.01 × 10−21 This study

SR86 RSSR•– + O2 →RSSR + HO2 [1.00 × 10−12 ] Kumagai et al. (2002)

SR87 Mn(II) + OH→Mn(III) + OH– [3.32 × 10−14 ] Jacobsen et al. (1998)

SR88 Mn(II) + HO2 →MnO2
+ + H+ 1.00 × 10−17 – 1.00 × 10−13 2.78 × 10−14 Jacobsen et al. (1998)

SR89 MnO2
+ + MnO2

+ (+ 2H+) → 2 Mn(II) + H2O2 + O2 [9.96 × 10−15 ] Morgan (2005)

SR90 Mn(III) + H2O2 →Mn(II) + HO2 + H+ [1.21 × 10−16 ] Jacobsen et al. (1998)

SR91 Mn(III) + H2O2 →MnO2
+ + 2 H+ [4.65 × 10−18 ] Jacobsen et al. (1998)

SR92 MnO2
+ + HO2 (+ H+) → Mn(II) + H2O2 [1.66 × 10−14 ] Halliwell and Gutteridge (2015)
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Table S1. Continued.

Reaction number Reaction Range Best fit Reference

SR93 Mn(III) + DTT→Mn(II) + DTT• 5.00 × 10−17 – 5.00 × 10−15 4.65× 10−18 This study

SR94 Mn(II) + O2 (+ H+) → Mn(III) + HO2 [3.98 × 10−21 ] Halliwell and Gutteridge (2015)

SR95 RS – PQN + DTT→RSSR + PQN• 1.00 × 10−21 – 1.00 × 10−17 8.46× 10−18 This study

SR96 RS – 1,4 – NQN + DTT→RSSR + 1,4 – NQN• 1.00 × 10−21 – 1.00 × 10−17 9.04× 10−18 This study

SR97 RS – 1,2 – NQN + DTT→RSSR + 1,2 – NQN• 1.00 × 10−21 – 1.00 × 10−17 4.27× 10−19 This study

SR98 GSOO + GSOO→0.56 HO2 + product [6.79 × 10−13 ] Lelieveld et al. (2021)

SR99 GSOO + GSH→GSO + GSOH [3.32 × 10−15 ] Lelieveld et al. (2021)

SR100 GS + GS– →GSSG– [1.59 × 10−14 ] Lelieveld et al. (2021)

SR101 GSSG– →GS + GS– [1.60 × 105 s−1 ] Lelieveld et al. (2021)

SR102 GSSG– + O2 → GSSG + O2
– [8.30 × 10−12 ] Lelieveld et al. (2021)

SR103 GS + GS→GSSG [8.30 × 10−12 ] Lelieveld et al. (2021)

SR104 GSOH + GSH → GSSG + H2O [1.20 × 10−18 ] Lelieveld et al. (2021)

SR105 GSO + GSO→product [9.96 × 10−14 ] Lelieveld et al. (2021)

SR106 GSH + Cu(II)→ [Cu2+(GSH)] 1.00 × 10−20 – 1.00 × 10−16 4.34× 10−20 This study

SR107 [Cu2+(GSH)] + GSH→ [Cu2+(GSH)(GSH)] 1.00 × 10−19 – 1.00 × 10−15 5.09 × 10−17 This study

SR108 2 [Cu2+(GSH)2] + O2 →2 [Cu2+(GS)(GSH)] + H2O2 2.00 × 10−36 – 2.00 × 10−32 cm6 s−1 2.03 × 10−34 This study

SR109 2 [Cu2+(GS)(GSH)] + O2 →2 [Cu2+(GS)(GS)] + H2O2 2.00 × 10−41 – 2.00 × 10−37 cm6 s−1 2.21 × 10−39 This study

SR110 [Cu2+(GS)(GS)]→Cu(II) + GSSG 2.00 × 10−4 s−1 This study

SR111 ROOH→RO + OH [1.50 × 10−3 s−1] Campbell et al. (2023)

SR112 OH + ROOH→ROH + HO2 [5.48 × 10−16 ] Campbell et al. (2023)

SR113 RO →R + product [1.00 × 105 s−1] Wei et al. (2022)

SR114 R + O2 →RO2 [7.64 × 10−12 ] Chevallier et al. (2004)

SR115 AA + RO →AA• + ROH [2.66 × 10−12 ] Buettner and Jurkiewicz (1996)

SR116 Fe(II) + ROOH→Fe(III) + RO + OH– [6.64 × 10−17 ] Campbell et al. (2023)

SR117 Fe(II) + ROOH→Fe(III) + OH + RO– [7.31 × 10−18 ] Campbell et al. (2023)

SR118 DTT + RO →DTT• + ROH [2.66 × 10−12 ] Assumed to be the same as 115

SR119 Org + OH→H2O + R [1.66 × 10−13 ] Campbell et al. (2023)

SR120 Org + RO →ROH + R [1.33 × 10−16 ] Walling (1967)

SR121 ROOH + RO →ROH + RO2 [5.48 × 10−16 ] Assumed to be the same as 112

SR122 R + R→product [2.00 × 10−14] Wei et al. (2022)

SR123 RO + RO →ROOR [2.32× 10−12 ] Walling (1967)

SR124 RO2 + RO2 →RO + RO + O2 [2.16 × 10−13 ] Mouchel-Vallon et al. (2017)

SR125 RO2 + RO2 →carbonyl + carbonyl + H2O2 [4.98 × 10−14 ] Mouchel-Vallon et al. (2017)

SR126 Fe(II) + ROOR→Fe(III) + RO + RO– [5.00 × 10−23 ] Wei et al. (2022)

SR127 RO2 + O2
– (+ H+) → ROOH + O2 [7.97 × 10−14 ] Mouchel-Vallon et al. (2017)

SR128 RO + O2 →carbonyl + O2
– [9.96 × 10−15 ] Wei et al. (2022)

SR129 RO2 + AA→ROOH + AA• [2.49 × 10−15 ] Buettner and Jurkiewicz (1996)

SR130 RO2 + DTT→ROOH + DTT• [1.74 × 10−16 ] Neta et al. (1990)

SR131 RO2 →O2
– + carbonyl [10 s−1] Chevallier et al. (2004)

SR132 spin – trap + RO → spin – trap – RO [2.11 × 10−18 ] Sueishi et al. (2014)

SR133 spin – trap + OH→ spin – trap – OH [1.66 × 10−12 ] Halliwell and Gutteridge (2015)

SR134 spin – trap + O2
– → spin – trap – O2

– [1.99 × 10−21 ] Halliwell and Gutteridge (2015)

SR135 spin – trap + R→ spin – trap – R [3.98 × 10−15 ] Kemp (1999)
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Table S2. Environmental input parameters for the different laboratory experiments

Experiment number Temperature Citric acid AA UAH GSH DTT Benzoate Reference

(K) (µM) (µM) (µM) (µM) (µM) (mM)

1 – 10 (Fig. 3A, B) 298 300 200 100 100 0 0 Charrier et al. (2014)

11 – 12 (Fig. 3C) 298 300 200 100 100 0 10 Charrier and Anastasio (2015)

13 – 15 (Fig. 4A) 310 0 200 0 0 0 0 Expósito et al. (2024)

16 – 17 (Fig. 4B) 310 0 200 0 0 0 0 Shen et al. (2021)

18 – 21, 26 – 29 (Fig. 5A, D) 310 0 0 0 0 100 0 Charrier and Anastasio (2012)

22 – 23 (Fig. 5A, B) 310 0 0 0 0 50 0 Expósito et al. (2024)

24 – 25, 30 – 32 (Fig. 5C, E) 310 0 0 0 0 100 0 Xiong et al. (2017)
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Table S3. Field data measurement for Grenoble site. Based on solubility measurements, the total Cu, Fe, and Mn concentrations were

multiplied by 0.61, 0.017 and 0.54, respectively as input for the kinetic model. The metals are initialized as Cu(II), Fe(II), and Mn(II). SOA

was determined using source apportionment outputs.

Date 1,4-NQN 1,2-NQN 9,10-PQN Cu Mn Fe Org SOA OPDTT OPAA PM10

ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 µg/m3 µg/m3 nmol/min/m3 nmol/min/m3 µg/m3

1/2/2013 1.15E-03 6.52E-04 4.65E-04 4.76 1.55 104.99 6.33 0.17 1.26 1.63 10.94

1/5/2013 7.90E-03 7.55E-03 9.62E-03 16.69 21.19 492.40 14.87 0.67 3.68 4.81 27.19

1/8/2013 8.20E-03 6.64E-04 9.62E-03 24.60 23.62 669.13 18.77 0.94 5.55 5.51 38.17

1/11/2013 6.25E-03 1.73E-02 4.70E-04 12.57 7.93 246.16 11.12 1.10 3.05 3.66 18.33

1/14/2013 3.11E-03 6.59E-04 3.72E-04 4.64 3.11 163.72 6.38 0.28 1.34 1.28 16.51

1/17/2013 1.43E-02 1.27E-02 8.57E-03 19.04 16.30 665.03 14.60 0.76 4.61 2.26 43.81

1/20/2013 6.79E-03 9.03E-03 1.45E-02 5.00 4.08 146.46 9.84 1.06 2.13 2.11 20.88

1/23/2013 7.22E-03 6.58E-04 9.33E-02 27.69 20.62 612.05 20.50 1.09 6.42 7.23 36.35

1/26/2013 3.20E-02 6.65E-04 1.33E-01 30.80 9.80 427.00 20.93 3.37 7.85 6.24 44.07

1/29/2013 6.48E-03 5.53E-02 1.81E-03 33.10 12.14 631.00 16.66 0.55 5.41 5.99 30.50

2/1/2013 8.72E-03 1.36E-02 3.36E-02 29.72 26.84 763.87 20.57 1.30 5.81 6.23 31.70

2/4/2013 3.36E-03 6.67E-04 2.07E-03 13.69 5.13 257.12 13.05 0.43 3.83 3.95 23.98

2/7/2013 3.11E-03 6.62E-04 4.72E-04 5.62 2.43 107.39 3.83 0.13 1.52 0.90 9.72

2/10/2013 9.98E-03 6.65E-04 1.81E-01 5.69 3.37 164.51 12.27 2.31 2.90 2.51 20.96

2/13/2013 7.64E-03 1.03E-02 5.27E-03 4.47 3.39 113.52 12.49 1.06 3.46 1.59 31.57

2/16/2013 8.24E-03 6.64E-04 5.46E-02 16.87 13.74 415.06 18.89 1.21 4.72 4.61 32.93

2/19/2013 1.49E-02 6.68E-04 1.44E-01 24.46 16.26 557.67 20.70 1.73 6.18 5.07 38.90

2/22/2013 7.71E-03 6.63E-04 1.44E-02 8.82 7.91 256.76 10.47 0.84 3.81 1.67 36.47

2/25/2013 1.26E-02 6.67E-04 8.56E-03 9.32 6.96 225.89 18.19 2.06 4.04 2.11 49.69

2/28/2013 2.76E-02 6.60E-04 2.01E-01 50.33 24.70 745.89 30.14 1.83 11.40 6.76 72.24

3/3/2013 1.04E-02 1.43E-02 3.82E-02 16.84 9.32 461.91 23.19 1.70 7.18 4.29 60.19

3/6/2013 6.08E-03 6.44E-04 2.25E-03 23.01 12.23 588.70 14.93 0.36 3.04 3.63 34.00

3/9/2013 5.95E-03 6.52E-04 1.47E-02 12.59 10.88 301.49 11.58 0.91 2.11 2.58 27.00

3/12/2013 3.39E-03 6.52E-04 1.62E-04 7.87 3.48 182.10 5.03 0.44 1.77 1.16 9.85

3/15/2013 4.46E-03 7.14E-03 4.70E-04 7.20 5.01 222.44 5.91 0.26 2.45 0.81 18.85

3/18/2013 6.33E-03 1.12E-02 1.52E-03 26.41 5.32 230.79 7.12 0.61 2.85 2.81 16.71

3/21/2013 3.81E-03 6.52E-04 1.89E-03 23.39 10.97 367.35 7.84 0.31 2.96 2.65 14.61

3/24/2013 1.22E-02 1.04E-02 3.05E-02 7.69 5.04 199.45 12.42 0.24 4.04 0.93 42.18

3/27/2013 7.49E-03 6.52E-04 1.51E-02 17.14 8.80 500.76 13.03 0.68 4.95 1.76 32.76

3/30/2013 3.28E-03 1.16E-02 6.22E-03 5.34 6.07 150.39 6.10 0.27 1.80 1.22 10.52

4/3/2013 3.63E-03 7.61E-03 2.01E-03 13.21 7.32 340.34 11.35 0.76 3.74 1.44 33.59

4/5/2013 4.60E-03 6.52E-04 1.34E-02 12.31 9.11 343.78 11.62 0.87 4.78 1.63 46.21

4/8/2013 6.98E-03 6.52E-04 1.22E-02 14.81 7.24 418.06 12.54 0.86 4.77 1.92 39.24

4/11/2013 2.20E-03 6.52E-04 4.58E-04 6.71 11.71 249.43 6.91 0.40 1.63 0.91 12.25

4/14/2013 4.54E-03 6.52E-04 1.32E-04 9.18 3.81 244.23 8.91 0.71 1.85 1.01 15.12

4/17/2013 2.34E-03 9.13E-03 4.54E-04 16.89 12.49 603.94 13.08 0.19 3.71 1.51 27.77
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Table S4. Continued

Date 1,4-NQN 1,2-NQN 9,10-PQN Cu Mn Fe Org SOA OPDTT OPAA PM10

ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 µg/m3 µg/m3 nmol/min/m3 nmol/min/m3 µg/m3

4/20/2013 3.38E-03 6.52E-04 4.66E-04 2.45 1.15 62.39 2.98 0.99 0.75 0.47 6.00

4/23/2013 5.01E-03 6.47E-03 4.58E-04 11.54 7.45 347.74 9.27 0.25 3.12 0.98 20.88

4/26/2013 2.54E-03 6.73E-03 1.87E-04 154.91 11.96 728.23 8.70 0.26 5.38 13.94 30.36

4/29/2013 6.68E-03 1.65E-02 4.63E-04 12.37 4.77 223.06 9.11 0.49 3.23 1.66 20.32

5/2/2013 1.92E-03 5.97E-03 1.29E-04 9.61 14.05 775.15 7.82 0.12 2.64 1.21 28.93

5/5/2013 1.24E-03 6.52E-04 4.61E-04 6.86 5.40 273.06 8.58 0.56 2.45 0.82 19.11

5/8/2013 1.67E-03 6.52E-04 4.49E-04 7.27 6.01 255.41 9.65 1.90 2.19 1.02 16.80

5/11/2013 1.83E-03 6.52E-04 4.74E-04 4.19 2.10 99.02 4.22 0.28 1.30 0.49 10.44

5/14/2013 6.33E-04 8.97E-03 4.50E-04 17.05 6.19 330.11 12.08 0.19 4.11 2.09 20.88

5/17/2013 1.02E-03 6.52E-04 4.57E-04 6.29 3.76 168.95 4.09 0.56 0.57 0.57 9.00

5/20/2013 8.95E-04 6.52E-04 4.54E-04 5.01 2.04 120.39 6.52 0.19 1.27 0.65 10.57

5/23/2013 2.18E-03 1.07E-02 4.58E-04 5.39 3.52 160.40 8.26 0.21 1.72 0.62 13.39

5/26/2013 2.33E-03 1.50E-03 4.61E-04 3.51 2.98 223.40 5.15 0.46 1.32 0.78 9.64

5/29/2013 1.31E-03 1.13E-02 1.46E-04 5.48 4.63 141.52 4.08 0.70 0.63 0.52 6.00

6/1/2013 1.32E-03 3.89E-02 4.60E-04 89.38 12.16 164.61 6.55 0.00 2.04 9.63 29.83

6/4/2013 9.96E-04 6.52E-04 4.52E-04 9.57 8.04 323.48 7.61 0.15 2.28 1.04 15.71

6/7/2013 1.16E-03 3.15E-02 1.16E-04 11.54 6.28 327.95 9.62 0.82 2.28 1.40 18.42

6/10/2013 1.44E-04 6.52E-04 4.53E-04 7.09 5.08 220.69 6.05 1.56 2.93 0.59 11.33

6/13/2013 5.68E-04 2.32E-02 4.53E-04 11.23 10.56 481.76 10.92 0.56 4.04 0.82 22.33

6/16/2013 1.31E-03 6.52E-04 4.49E-04 7.71 4.56 271.03 10.39 1.95 2.30 0.82 18.90

6/19/2013 1.34E-03 6.52E-04 4.47E-04 14.99 14.60 680.49 11.63 0.02 4.94 0.94 33.68

6/22/2013 4.06E-03 6.52E-04 4.48E-04 4.98 2.53 136.30 4.71 0.39 1.38 0.47 9.31

6/25/2013 7.66E-06 6.52E-04 4.56E-04 5.90 4.55 199.65 5.23 0.38 1.86 0.47 13.64

6/28/2013 4.56E-04 8.02E-03 4.56E-04 10.05 7.35 305.09 6.77 1.42 4.00 0.78 15.72

7/1/2013 2.99E-04 6.52E-04 3.02E-05 9.57 4.88 223.17 8.33 2.42 2.13 1.08 14.74

7/4/2013 7.63E-06 6.52E-04 4.54E-04 4.71 4.37 147.47 5.29 1.47 1.01 0.46 9.61

7/7/2013 2.32E-04 6.52E-04 4.46E-04 7.09 4.59 201.07 10.81 3.71 1.89 0.72 17.14

7/10/2013 7.73E-04 8.74E-02 4.50E-04 10.05 9.20 257.76 9.06 2.15 2.24 1.23 14.71

7/13/2013 3.74E-04 3.44E-02 4.53E-04 15.93 6.66 306.96 12.20 4.64 2.80 1.92 21.22

7/16/2013 2.42E-03 6.52E-04 4.46E-04 11.02 9.38 415.58 11.25 4.02 2.66 1.20 22.75

7/19/2013 5.15E-04 8.60E-03 4.55E-04 9.76 6.17 217.82 8.92 1.66 1.86 0.98 13.56

7/22/2013 7.57E-06 6.52E-04 4.51E-04 9.40 5.10 255.92 11.55 2.93 2.51 0.81 17.88

7/25/2013 3.40E-04 6.52E-04 4.46E-04 12.74 8.73 360.71 11.41 4.26 3.23 1.24 21.61

7/28/2013 7.47E-06 1.56E-02 4.45E-04 6.14 10.64 501.03 7.78 1.10 1.62 0.36 21.49

7/31/2013 2.61E-04 6.52E-04 4.45E-04 11.94 7.20 258.73 7.09 1.97 2.12 1.14 12.95

8/3/2013 9.41E-04 7.33E-03 4.46E-04 9.45 5.69 312.37 9.20 1.67 2.24 0.84 16.76

8/6/2013 5.14E-04 6.52E-04 4.44E-04 12.30 8.51 458.05 9.83 3.33 3.10 1.05 23.34

8/9/2013 2.40E-04 6.52E-04 4.54E-04 5.54 2.32 130.61 5.61 2.08 1.46 0.43 10.10

8/12/2013 3.96E-04 5.96E-03 4.46E-04 8.94 3.74 220.11 6.42 1.96 1.71 0.90 11.90

8/15/2013 2.39E-03 2.68E-02 2.86E-05 7.75 4.45 215.97 8.56 2.71 2.03 0.91 15.38

8/18/2013 9.23E-04 5.15E-02 4.46E-04 21.28 3.47 193.62 9.80 3.97 3.16 2.53 16.41
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Table S5. Continued

Date 1,4-NQN 1,2-NQN 9,10-PQN Cu Mn Fe Org SOA OPDTT OPAA PM10

ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 µg/m3 µg/m3 nmol/min/m3 nmol/min/m3 µg/m3

8/21/2013 9.66E-04 6.52E-04 4.54E-04 18.63 6.10 278.15 7.09 3.44 2.88 2.27 14.53

8/24/2013 2.72E-04 6.39E-04 4.56E-04 8.85 4.14 218.05 7.32 2.72 1.78 0.95 14.01

8/27/2013 6.51E-04 6.43E-04 3.85E-04 9.90 4.22 208.92 4.86 1.68 1.78 1.04 10.31

8/30/2013 1.04E-03 6.31E-04 3.92E-04 12.89 10.28 337.62 8.50 3.44 2.76 1.39 18.55

9/2/2013 3.54E-04 6.35E-04 4.53E-04 9.57 6.36 276.60 5.44 0.93 2.52 1.30 15.19

9/5/2013 5.44E-03 6.26E-04 1.51E-03 87.90 12.05 594.62 10.59 3.81 5.94 9.04 23.77

9/8/2013 7.65E-06 6.37E-04 4.55E-04 21.98 11.30 425.65 9.57 0.47 0.67 0.34 9.00

9/11/2013 7.45E-04 6.44E-04 4.60E-04 6.90 4.23 185.81 3.73 0.84 1.05 0.57 11.00

9/14/2013 1.71E-03 6.37E-04 9.29E-04 10.27 4.66 245.15 5.30 1.14 1.95 1.31 9.29

9/17/2013 2.36E-03 6.59E-04 4.62E-04 7.80 3.50 185.15 3.12 0.32 1.31 0.91 9.33

9/20/2013 7.37E-04 4.18E-03 4.52E-04 8.52 4.90 240.33 3.50 0.18 2.27 0.98 8.06

9/23/2013 2.23E-03 6.34E-04 4.53E-04 33.39 13.89 697.07 10.13 2.49 2.80 1.54 25.00

9/26/2013 7.22E-03 1.56E-02 5.58E-03 18.07 13.38 547.86 9.69 0.69 5.29 5.42 37.00

9/29/2013 1.87E-03 6.37E-04 4.55E-04 9.98 4.40 263.65 6.73 0.47 2.33 1.53 13.24

10/2/2013 1.94E-03 6.36E-04 4.54E-04 18.73 18.51 499.49 8.32 0.19 2.88 1.47 16.03

10/5/2013 1.10E-03 6.40E-04 4.57E-04 5.92 2.41 129.81 3.84 0.30 0.56 0.36 6.00

10/8/2013 1.99E-03 6.39E-04 2.59E-04 6.50 2.07 143.41 3.29 0.43 1.53 0.78 21.00

10/11/2013 1.25E-03 6.47E-04 4.62E-04 29.92 8.12 361.41 7.46 0.16 3.12 2.43 15.45

10/14/2013 2.75E-03 1.57E-02 1.30E-03 20.96 7.36 416.78 9.91 0.25 2.83 2.64 15.57

10/17/2013 1.70E-03 6.94E-04 4.96E-04 14.11 10.14 326.22 5.87 0.28 1.79 1.08 11.00

10/20/2013 2.45E-03 6.46E-04 1.37E-03 8.49 3.92 241.78 7.12 0.13 1.73 0.78 11.87

10/23/2013 1.92E-03 3.91E-02 5.09E-03 8.68 9.62 333.02 4.08 0.28 1.57 0.49 11.66

10/26/2013 3.38E-03 6.48E-04 5.18E-03 24.09 25.96 618.78 9.20 0.14 3.47 1.78 22.00

10/29/2013 1.59E-03 6.43E-04 2.21E-03 9.70 7.20 221.41 3.09 0.38 1.15 0.81 8.00

11/1/2013 4.94E-03 6.47E-04 2.43E-02 26.92 12.40 567.66 11.61 0.25 4.12 3.09 22.01

11/4/2013 2.19E-03 6.52E-04 3.10E-02 7.53 3.74 190.63 5.72 0.40 1.40 1.72 8.70

11/7/2013 4.97E-03 4.15E-02 1.04E-02 37.48 10.43 662.97 9.35 0.26 3.62 3.96 17.38

11/13/2013 3.33E-02 6.52E-04 5.73E-05 44.28 19.02 752.37 16.33 0.00 4.61 2.89 34.83

11/16/2013 1.59E-02 6.52E-04 3.39E-02 15.39 14.29 395.20 10.77 1.06 3.21 1.41 26.94

11/19/2013 3.27E-03 6.52E-04 2.37E-03 8.42 4.98 191.44 7.47 0.00 2.05 0.91 14.12

11/22/2013 9.24E-03 6.52E-04 5.62E-03 3.88 1.60 91.13 4.08 0.55 1.46 1.63 7.74

11/28/2013 2.99E-02 6.52E-04 4.79E-04 25.87 29.94 615.46 16.47 0.00 2.90 1.72 39.74

12/1/2013 1.12E-02 6.52E-04 1.93E-03 8.82 5.78 240.97 10.95 0.23 2.28 1.74 25.13

12/4/2013 1.36E-02 1.88E-03 7.88E-02 46.20 23.94 939.80 23.52 1.38 6.83 5.88 41.01

12/7/2013 1.27E-02 6.52E-04 1.83E-01 19.14 11.15 439.25 13.47 4.24 2.86 3.01 25.74

12/10/2013 4.07E-02 4.27E-03 1.26E-01 169.70 40.43 1259.02 27.35 8.83 10.34 16.19 48.12

12/13/2013 3.36E-02 1.53E-02 3.79E-01 58.03 41.92 1375.40 31.27 16.64 8.21 8.48 53.94

12/16/2013 3.82E-02 4.52E-02 1.75E-01 63.07 25.99 1502.18 31.51 11.58 9.74 8.34 57.40

12/19/2013 1.64E-02 6.52E-04 2.11E-02 9.75 16.85 254.15 6.77 1.22 1.76 1.37 12.61

12/22/2013 1.58E-02 6.52E-04 5.58E-02 6.36 7.41 134.25 6.03 0.02 1.42 1.78 11.56

12/25/2013 4.58E-03 6.52E-04 4.59E-04 1.51 1.77 30.54 3.94 0.59 0.67 0.26 7.40

12/31/2013 1.91E-02 6.52E-04 1.71E-01 30.28 7.11 584.12 13.77 3.27 4.11 4.13 22.32S36



Table S6. Field data measurement for Paris site. Based on solubility measurements, the total Cu, Fe, and Mn concentrations were multiplied

by 0.77, 0.061 and 0.95, respectively as input for the kinetic model. The metals are initialized as Cu(II), Fe(II), and Mn(II). SOA was

determined using source apportionment outputs.

Date 1,4-NQN 1,2-NQN 9,10-PQN Cu Mn Fe Org SOA OPDTT OPAA PM10

ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 µg/m3 µg/m3 nmol/min/m3 nmol/min/m3 µg/m3

06/03/2015 15:00:00 0.22 0.19 0.37 10.54 0.62 217.40 7.22 2.37 2.02 1.57 30.62

06/03/2015 19:00:00 0.21 0.00 0.45 9.46 14.00 318.92 9.98 9.81 2.83 3.95 32.49

06/03/2015 23:00:00 0.14 0.41 0.52 2.12 6.93 104.99 8.16 3.43 1.74 2.63 32.15

07/03/2015 03:00:00 0.26 0.25 0.92 4.39 9.74 187.13 9.82 7.15 2.89 3.11 34.23

07/03/2015 07:00:00 0.16 0.00 0.46 8.10 2.95 143.99 10.39 4.57 3.91 2.29 35.98

07/03/2015 11:00:00 0.17 0.08 0.35 4.47 6.03 119.92 8.43 1.89 1.90 0.57 23.72

07/03/2015 15:00:00 0.24 0.21 0.37 6.38 8.99 210.31 12.39 6.30 2.72 1.46 26.61

07/03/2015 19:00:00 0.23 0.31 0.47 8.65 6.52 164.30 23.35 7.13 3.36 3.61 30.26

07/03/2015 23:00:00 0.15 0.38 0.55 12.49 13.23 279.13 17.59 6.43 3.91 2.99 33.22

08/03/2015 03:00:00 0.20 0.53 0.59 5.23 16.03 227.84 14.55 5.78 1.92 2.45 32.93

08/03/2015 07:00:00 0.23 0.53 0.41 9.29 12.08 201.23 11.44 3.33 1.09 0.75 27.55

08/03/2015 11:00:00 0.26 0.14 0.34 12.48 7.99 244.09 7.51 0.94 0.85 1.34 18.37

08/03/2015 15:00:00 0.21 0.16 0.33 9.05 8.54 258.30 8.70 0.91 1.28 1.20 12.30

08/03/2015 19:00:00 0.11 0.26 0.37 10.92 8.90 313.76 13.38 2.04 2.46 1.11 29.09

08/03/2015 23:00:00 0.04 0.00 0.34 5.05 3.95 168.93 2.25 0.51 0.83 0.65 14.84

09/03/2015 03:00:00 0.04 0.01 0.34 7.16 5.60 219.54 2.17 0.77 1.08 0.80 12.58

09/03/2015 07:00:00 0.03 0.00 0.34 8.61 6.12 289.01 4.67 2.16 2.10 1.06 21.81

09/03/2015 11:00:00 0.12 0.00 0.34 9.16 6.88 334.03 6.24 1.23 2.45 0.22 27.21

09/03/2015 15:00:00 0.10 0.19 0.37 11.80 9.51 345.43 8.33 1.96 1.80 2.05 25.76

09/03/2015 19:00:00 0.04 0.04 0.39 7.46 7.97 271.65 8.45 2.74 2.75 2.29 30.86

09/03/2015 23:00:00 0.07 0.15 0.58 6.13 6.69 268.96 9.38 4.55 1.07 3.00 34.35

10/03/2015 03:00:00 0.04 0.00 0.59 8.26 6.29 266.37 12.67 4.28 3.11 3.54 37.30

10/03/2015 07:00:00 0.05 0.00 0.42 17.06 9.20 462.00 11.35 4.88 3.86 2.87 38.79

10/03/2015 11:00:00 0.02 0.00 0.34 10.42 8.01 347.54 7.28 0.69 2.44 1.73 33.25

10/03/2015 15:00:00 0.02 0.00 0.35 22.02 16.38 600.34 8.29 1.49 3.35 2.21 24.16

10/03/2015 19:00:00 0.03 0.00 0.37 48.52 24.64 1087.24 13.66 2.39 6.13 5.91 35.05

10/03/2015 23:00:00 0.04 0.04 0.74 11.73 18.77 545.84 8.27 3.63 4.18 2.08 35.16

11/03/2015 03:00:00 0.04 0.00 0.89 15.60 20.41 609.16 7.96 5.24 2.60 2.15 37.24

11/03/2015 07:00:00 0.03 0.00 0.42 24.26 21.04 842.97 11.95 3.28 5.29 2.42 53.79

11/03/2015 11:00:00 0.09 0.00 0.35 9.00 15.85 466.22 6.41 2.79 2.43 1.77 53.89

11/03/2015 15:00:00 0.04 0.00 0.33 22.89 24.79 750.05 11.18 2.99 4.71 1.94 48.75

11/03/2015 19:00:00 0.07 0.00 0.39 22.66 20.95 723.48 12.31 5.75 5.84 4.14 51.67

11/03/2015 23:00:00 0.07 0.14 0.45 10.83 21.60 449.98 9.41 3.65 3.96 2.71 41.52

12/03/2015 03:00:00 0.08 0.00 0.57 15.33 20.50 611.86 9.78 3.92 3.02 2.91 30.12

12/03/2015 07:00:00 0.08 0.00 0.43 19.50 24.11 675.57 11.22 2.44 3.95 2.46 33.22

12/03/2015 11:00:00 0.07 0.00 0.34 9.36 17.14 403.50 7.63 1.39 2.54 1.53 24.45

12/03/2015 15:00:00 0.14 0.00 0.35 10.30 17.45 412.96 6.12 1.93 2.05 1.24 24.48
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Table S7. Continued

Date 1,4-NQN 1,2-NQN 9,10-PQN Cu Mn Fe Org SOA OPDTT OPAA PM10

ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 µg/m3 µg/m3 nmol/min/m3 nmol/min/m3 µg/m3

12/03/2015 19:00:00 0.11 0.00 0.37 10.42 18.69 432.01 7.90 2.33 2.50 1.74 24.90

12/03/2015 23:00:00 0.29 0.08 0.50 6.71 8.30 288.74 6.33 3.13 1.73 1.16 21.41

13/03/2015 03:00:00 0.13 0.00 0.51 8.10 9.94 349.97 6.98 2.93 2.31 1.15 25.83

13/03/2015 07:00:00 0.11 0.00 0.42 22.17 16.99 737.17 11.43 3.46 4.87 2.38 36.75

13/03/2015 11:00:00 0.16 0.00 0.36 13.80 12.67 533.46 8.78 2.91 3.98 1.25 37.27

13/03/2015 15:00:00 0.14 0.00 0.36 13.66 11.49 516.52 7.86 3.14 3.40 1.45 31.57

13/03/2015 19:00:00 0.17 0.00 0.53 27.37 15.98 840.54 14.14 9.39 5.88 3.83 37.61

13/03/2015 23:00:00 0.15 0.00 1.20 17.47 13.33 567.06 15.98 13.82 5.65 2.93 46.38

14/03/2015 03:00:00 0.07 0.00 1.01 10.88 12.70 422.62 10.12 4.80 2.87 1.32 41.04

14/03/2015 07:00:00 0.15 0.04 0.66 12.05 12.03 450.65 8.71 3.56 3.63 0.94 36.39

14/03/2015 11:00:00 0.14 0.00 0.35 9.99 21.28 957.88 8.85 2.40 1.90 1.09 46.01

14/03/2015 15:00:00 0.08 0.00 0.36 12.40 21.28 963.64 11.18 2.99 5.54 1.22 58.71

14/03/2015 19:00:00 0.13 0.00 0.50 9.80 13.20 462.13 14.54 5.28 3.75 0.73 47.78

14/03/2015 23:00:00 0.07 0.00 0.42 9.18 11.13 345.23 13.21 2.14 5.25 1.20 65.75

15/03/2015 03:00:00 0.07 0.00 0.50 7.48 9.05 303.95 11.93 3.21 3.36 1.89 65.22

15/03/2015 07:00:00 0.15 0.00 0.42 9.24 9.60 351.21 11.46 4.00 4.63 1.78 54.73

15/03/2015 11:00:00 0.18 0.00 0.36 10.63 7.54 334.65 9.75 3.65 5.43 1.68 48.18

15/03/2015 15:00:00 0.16 0.38 0.34 11.08 8.64 381.66 10.15 3.07 2.31 2.36 33.15

15/03/2015 19:00:00 0.06 0.00 0.34 15.03 7.41 338.13 11.66 2.83 2.44 3.54 27.97

15/03/2015 23:00:00 0.08 0.00 0.45 8.96 7.82 268.27 10.67 3.62 1.68 3.58 29.07

16/03/2015 03:00:00 0.05 0.00 0.41 13.98 11.22 442.16 11.44 2.28 2.62 3.67 29.38

16/03/2015 07:00:00 0.17 0.00 0.39 31.25 21.26 992.28 16.57 5.36 5.22 2.89 46.86

16/03/2015 11:00:00 0.11 0.00 0.34 19.29 13.80 606.56 13.90 2.38 4.60 1.70 54.93

16/03/2015 15:00:00 0.47 0.00 0.34 24.43 19.34 1077.52 16.64 4.12 5.18 4.15 54.91

16/03/2015 19:00:00 0.41 0.62 0.39 17.30 14.11 602.94 18.48 7.60 4.34 4.00 59.57

16/03/2015 23:00:00 0.07 0.02 0.47 11.58 12.68 489.62 19.39 6.85 4.44 3.77 70.05

17/03/2015 03:00:00 0.04 0.00 0.46 12.89 14.74 488.04 20.64 6.27 4.55 3.60 75.55

17/03/2015 07:00:00 0.10 0.00 0.46 30.80 24.47 1156.53 22.99 9.18 10.07 3.83 87.09

17/03/2015 11:00:00 0.07 0.00 0.33 20.87 15.65 730.31 12.33 1.59 4.49 1.94 37.95

17/03/2015 15:00:00 0.16 0.00 0.34 40.50 24.39 1323.60 17.41 2.59 7.79 2.91 52.34

17/03/2015 19:00:00 0.28 0.64 0.40 36.47 18.03 1067.22 21.37 6.93 7.71 4.19 61.57

17/03/2015 23:00:00 0.11 0.11 0.57 19.02 15.45 681.70 20.44 7.21 7.63 4.15 63.50

18/03/2015 03:00:00 0.15 0.32 0.48 19.37 19.79 744.07 20.46 8.94 6.91 3.94 70.33

18/03/2015 07:00:00 0.04 0.00 0.37 28.62 28.24 1254.23 25.10 6.47 13.69 4.83 113.18

18/03/2015 11:00:00 0.04 0.00 0.34 21.52 24.02 1007.76 21.39 4.93 11.08 2.60 108.70

18/03/2015 15:00:00 0.23 0.00 0.35 19.01 23.72 947.83 19.51 5.54 8.76 2.72 113.10

18/03/2015 19:00:00 0.04 0.00 0.35 13.07 15.09 549.47 16.14 2.60 5.93 4.83 104.96

18/03/2015 23:00:00 0.14 0.00 0.37 7.87 8.14 302.61 9.44 2.62 3.55 2.30 59.77
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Table S8. Continued

Date 1,4-NQN 1,2-NQN 9,10-PQN Cu Mn Fe Org SOA OPDTT OPAA PM10

ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 µg/m3 µg/m3 nmol/min/m3 nmol/min/m3 µg/m3

19/03/2015 03:00:00 0.11 0.00 0.35 6.36 8.51 278.36 8.02 1.75 2.76 2.18 56.41

19/03/2015 07:00:00 0.12 0.00 0.34 14.02 15.36 733.30 10.56 0.88 3.76 1.43 56.58

19/03/2015 11:00:00 0.04 0.00 0.34 9.31 18.49 844.69 9.92 2.03 5.99 2.78 45.95

19/03/2015 15:00:00 0.06 0.00 0.34 13.28 11.11 493.02 9.27 1.02 2.03 0.39 37.10

19/03/2015 19:00:00 0.12 0.00 0.35 11.53 9.59 404.57 11.09 2.34 4.49 2.39 42.57

19/03/2015 23:00:00 0.10 0.00 0.38 8.26 10.49 394.09 12.10 2.78 4.56 1.12 76.78

20/03/2015 03:00:00 0.05 0.07 0.34 14.37 13.00 504.11 12.55 2.05 10.12 3.28 89.66

20/03/2015 07:00:00 0.03 0.00 0.35 23.03 22.22 1057.58 17.72 1.55 11.98 2.92 111.29

20/03/2015 11:00:00 0.12 0.00 0.35 22.75 22.40 1032.53 23.25 2.45 11.53 2.27 121.51

20/03/2015 15:00:00 0.06 0.00 0.34 23.38 22.55 1037.96 19.89 3.36 14.83 3.37 115.67

20/03/2015 19:00:00 0.05 0.00 0.37 21.74 19.39 892.14 23.80 5.89 15.18 3.96 120.07

20/03/2015 23:00:00 0.05 0.00 0.34 16.64 15.92 668.41 23.16 3.13 13.09 3.60 121.08

21/03/2015 03:00:00 0.03 0.00 0.38 10.14 12.15 419.70 19.04 4.59 11.62 2.02 130.00

21/03/2015 07:00:00 0.05 0.00 0.34 8.12 8.12 303.86 11.82 2.75 7.35 0.84 77.09

21/03/2015 11:00:00 0.11 0.00 0.36 7.04 13.45 330.20 7.77 1.95 6.68 1.33 54.68

21/03/2015 15:00:00 0.04 0.00 0.33 5.04 11.18 259.42 3.49 0.39 1.00 0.48 13.79

21/03/2015 19:00:00 0.04 0.00 0.35 6.27 7.63 203.14 3.80 0.82 1.83 1.09 13.49
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Table S9. Field data measurement for London (MY) in the Summer. As soluble fractions of the metals were not measured, we use median

values of the soluble metal fraction as determined from field measurement studies ((Connell et al., 2006; Manousakas et al., 2014; Heal et al.,

2005; Giorio et al., 2025)). The metals are initialized as Cu(II), Fe(II), and Mn(II). Org was determined using PM composition data.

date Cu Mn Fe Org OPDHA PM2.5

µg/m3 µg/m3 µg/m3 µg/m3 nmol/m3 µg/m3

23.05.2023 05:00 0.00146 2.00E-05 0.05924 2.05339 5.84 6.36368

23.05.2023 06:00 0.00209 5.00E-05 0.08393 1.76607 5.48 6.63467

23.05.2023 07:00 0.0082 5.60E-04 0.22657 1.7379 5.84 6.88302

23.05.2023 08:00 0.01431 0.00108 0.36921 1.78526 7.04 6.40472

23.05.2023 20:00 0.00545 3.00E-04 0.21892 6.23438 8.84 10.4316

23.05.2023 21:00 0.00572 2.40E-04 0.21208 6.0377 15.36 8.56321

23.05.2023 22:00 0.00599 1.90E-04 0.20523 4.28657 15.72 7.56863

23.05.2023 23:00 0.00612 1.80E-04 0.23616 3.95701 16.72 8.11297

24.05.2023 00:00 0.00625 1.70E-04 0.26709 3.81611 18.08 7.45566

24.05.2023 01:00 0.00604 4.70E-04 0.26585 2.6935 19.52 6.46462

24.05.2023 02:00 0.00584 7.70E-04 0.2646 3.15452 18.68 8.14387

24.05.2023 03:00 0.00577 7.10E-04 0.23611 4.09349 19.08 8.64929

24.05.2023 04:00 0.0057 6.50E-04 0.20762 4.85919 16.4 9.7842

24.05.2023 05:00 0.00437 5.40E-04 0.18987 4.2674 16.96 10.86085

24.05.2023 06:00 0.00304 4.40E-04 0.17212 3.08327 16.12 10.8184

24.05.2023 07:00 0.00281 6.30E-04 0.17188 2.97031 17 10.25472

24.05.2023 08:00 0.00258 8.30E-04 0.17164 3.29615 12.64 9.93137

24.05.2023 09:00 0.00258 5.30E-04 0.13917 2.79669 4.4 9.43608

24.05.2023 13:00 0.00218 2.30E-04 0.09569 5.14333 5.2 9.73349

26.05.2023 18:00 0.00687 8.40E-04 0.25632 3.86228 5.68 11.6816

31.05.2023 14:00 0.00195 2.00E-05 0.07723 3.11249 12.88 7.6842

31.05.2023 15:00 0.00154 1.00E-05 0.06422 3.05584 5.76 7.94646

03.06.2023 15:00 0.00158 1.00E-05 0.08398 4.29253 7.76 7.02972

03.06.2023 16:00 0.00175 1.00E-05 0.08596 4.62102 4.28 6.95731

04.06.2023 18:00 0.00332 1.00E-04 0.18375 4.68414 6.4 6.8783

04.06.2023 19:00 0.00438 5.70E-04 0.21497 4.89139 9.36 7.61958

04.06.2023 20:00 0.00545 0.00105 0.24618 4.25398 6.64 7.40189

05.06.2023 09:00 0.00604 2.00E-04 0.15008 1.55145 4.04 5.2533

07.06.2023 17:00 0.00615 0.00123 0.2257 4.91407 8.32 10.75236

07.06.2023 18:00 0.00632 9.60E-04 0.23672 5.50042 7.52 11.76651
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Table S10. Continued

date Cu Mn Fe Org OPDHA PM2.5

µg/m3 µg/m3 µg/m3 µg/m3 nmol/m3 µg/m3

07.06.2023 19:00 0.00584 0.00107 0.25252 5.29289 9.08 11.90802

07.06.2023 20:00 0.00535 0.00118 0.26833 4.86379 9.76 11.64151

07.06.2023 21:00 0.00343 5.90E-04 0.16813 3.39017 10.04 9.31179

08.06.2023 09:00 0.00249 9.00E-05 0.098 2.21778 4.16 8.32689

08.06.2023 11:00 0.00217 1.00E-05 0.08025 3.64314 5.36 8.83962

10.06.2023 17:00 0.00649 0.00171 0.24954 15.23334 6.2 18.83255

10.06.2023 18:00 0.00587 0.0013 0.24805 15.00493 5.96 17.96934

11.06.2023 16:00 0.00892 0.00232 0.33402 15.18721 7.12 20.19104

11.06.2023 17:00 0.00952 0.00629 0.34315 17.84065 4.4 20.61085

11.06.2023 18:00 0.01012 0.01027 0.35228 21.89867 11.44 24.5566

11.06.2023 21:00 0.01267 0.00319 0.46508 19.56444 12.48 28.63679

11.06.2023 22:00 0.0069 0.00227 0.34345 18.61022 13.6 31.67925

11.06.2023 23:00 0.00489 0.00113 0.23958 18.10934 14.2 30.37264

12.06.2023 01:00 0.00528 8.00E-04 0.21436 16.84179 9.04 27.14387

12.06.2023 02:00 0.00767 0.0016 0.29299 19.86018 4.16 28.89387

12.06.2023 08:00 0.01808 0.00328 0.49112 15.44187 8.52 27.44575

12.06.2023 09:00 0.01951 0.0027 0.45669 14.41594 8.52 21.70755

17.06.2023 16:00 0.00698 0.00329 0.26615 11.79703 5.04 16.21462

17.06.2023 17:00 0.00819 0.00348 0.32612 10.84835 5.28 16.1816

17.06.2023 18:00 0.0094 0.00367 0.3861 11.11287 4.56 15.59906

17.06.2023 19:00 0.00843 0.00351 0.36726 11.466 4.28 17.26651

17.06.2023 20:00 0.00746 0.00336 0.34843 11.89539 4.24 21.1533

17.06.2023 21:00 0.00613 0.00249 0.30307 12.10355 4.08 21.16745

20.06.2023 16:00 0.00554 6.10E-04 0.22294 6.25424 4.24 5.78137

20.06.2023 18:00 0.00735 6.10E-04 0.31783 8.65386 5.16 5.81392

20.06.2023 19:00 0.00726 4.60E-04 0.31521 8.80862 6.08 6.01014

20.06.2023 20:00 0.00716 3.20E-04 0.31259 10.37676 5.24 6.42925

20.06.2023 21:00 0.00671 3.60E-04 0.28148 8.76427 5 6.42311

23.06.2023 01:00 0.00534 5.60E-04 0.27103 4.88142 5.76 5.11085

23.06.2023 02:00 0.00461 6.00E-04 0.23803 4.72821 4.72 5.02358

24.06.2023 01:00 0.00482 1.60E-04 0.22619 5.16224 4.36 7.38255

27.06.2023 14:00 0.00659 7.90E-04 0.22216 5.03987 4.32 6.9717

27.06.2023 16:00 0.00816 7.50E-04 0.26471 5.18595 4.36 7.91934

27.06.2023 18:00 0.00723 6.50E-04 0.29629 8.83731 5.52 10.74057

02.07.2023 01:00 0.00448 9.20E-04 0.11277 8.66384 5.48 19.6934

02.07.2023 02:00 0.00393 5.30E-04 0.12182 8.40271 4.44 18.47406

02.07.2023 13:00 0.00448 5.00E-04 0.22417 3.70091 4.44 7.46887

02.07.2023 14:00 0.00395 5.10E-04 0.20924 3.34075 5.52 8.36604

02.07.2023 15:00 0.00341 5.20E-04 0.19431 3.24729 4.2 7.90943

02.07.2023 17:00 0.00239 2.50E-04 0.1989 3.5743 5.96 7.88656

02.07.2023 18:00 0.00378 3.80E-04 0.2097 4.75476 7.04 8.05519

02.07.2023 19:00 0.00518 5.00E-04 0.22049 4.12646 6.48 7.4941S41



Table S11. Continued

date Cu Mn Fe Org OPDHA PM2.5

µg/m3 µg/m3 µg/m3 µg/m3 nmol/m3 µg/m3

02.07.2023 21:00 0.00606 5.00E-04 0.27883 3.21587 4.16 8.42618

04.07.2023 11:00 0.00629 3.30E-04 0.20777 5.72633 5.76 8.375

04.07.2023 12:00 0.00613 0.00167 0.21938 7.69142 9.92 10.06604

04.07.2023 13:00 0.00598 0.00301 0.23099 7.67072 8.28 11.28514

04.07.2023 14:00 0.00668 0.00169 0.23535 8.90546 8.48 12.15802

04.07.2023 15:00 0.00738 3.60E-04 0.23971 8.38157 9.2 11.04953

04.07.2023 16:00 0.00647 2.90E-04 0.21152 7.82144 7.16 9.97406

04.07.2023 17:00 0.00556 2.20E-04 0.18333 8.37361 6 10.88208

04.07.2023 18:00 0.00685 0.00131 0.31827 11.02169 4.12 9.40047

05.07.2023 01:00 0.00187 4.00E-05 0.0822 3.16805 4.48 5.5158

05.07.2023 02:00 0.00219 2.00E-05 0.08787 2.6562 6.6 5.73774

13.07.2023 15:00 0.0048 2.60E-04 0.17916 1.72116 6.36 6.33396

13.07.2023 16:00 0.00655 6.20E-04 0.24277 1.80411 4.24 6.48278

13.07.2023 17:00 0.0083 9.90E-04 0.30637 1.80486 4.04 5.82524

15.07.2023 18:00 0.0038 6.00E-05 0.13358 1.30839 4.68 11.1533

15.07.2023 19:00 0.00351 9.00E-05 0.13199 1.61196 6.44 13.12972

16.07.2023 17:00 0.0058 6.00E-05 0.17716 1.49688 5.96 5.75896

16.07.2023 18:00 0.00509 2.40E-04 0.17431 1.64284 5.08 7.08679

16.07.2023 19:00 0.00438 4.30E-04 0.17145 1.51388 10.96 7.25991

16.07.2023 21:00 0.00471 2.20E-04 0.17922 1.69114 5.12 7.36392

16.07.2023 22:00 0.00441 1.40E-04 0.17959 1.11696 5.64 5.91014

16.07.2023 23:00 0.00412 7.00E-05 0.17996 1.08488 5 6.55708

17.07.2023 02:00 0.00247 7.00E-05 0.1029 0.62433 7.04 5.59481

17.07.2023 03:00 0.00276 1.30E-04 0.12748 0.49247 15.68 5.6908

17.07.2023 06:00 0.00707 6.20E-04 0.2633 0.65547 6.48 6.97453

17.07.2023 07:00 0.00835 0.00123 0.31621 0.7043 10.36 6.05755

17.07.2023 08:00 0.00575 8.20E-04 0.25223 0.8174 10.76 5.15165

18.07.2023 17:00 0.00963 0.00105 0.33391 1.17878 5.12 5.61887

18.07.2023 18:00 0.00889 0.00109 0.30192 1.54693 4.8 6.01557

25.07.2023 05:00 0.00828 0.00234 0.47093 0.58967 9.56 5.09552

25.07.2023 06:00 0.00885 0.00286 0.52276 1.04132 8.72 6.89906

25.07.2023 07:00 0.00942 0.00339 0.57459 1.04418 7.44 6.74552

25.07.2023 08:00 0.00618 0.00249 0.4584 0.75678 6.28 5.26958

05.08.2023 02:00 0.00643 4.70E-04 0.23692 1.37928 8.8 7.91274

05.08.2023 03:00 0.00597 3.10E-04 0.19787 1.36016 7.32 8.06462

05.08.2023 04:00 0.00561 4.80E-04 0.17711 1.14999 5.68 8.74057

05.08.2023 05:00 0.00526 6.50E-04 0.15635 0.96636 5.2 9.29858

05.08.2023 06:00 0.0055 4.70E-04 0.15695 1.04361 4.44 10.73821

14.08.2023 10:00 0.00524 3.40E-04 0.15825 1.13802 7.52 6.70448

14.08.2023 18:00 0.00878 0.00128 0.24241 1.32291 17.64 5.03585

14.08.2023 20:00 0.00458 1.20E-04 0.20256 2.45287 19.24 5.72807

15.08.2023 18:00 0.00852 4.20E-04 0.24634 2.32305 15.16 6.48538S42



Table S12. Continued

date Cu Mn Fe Org OPDHA PM2.5

µg/m3 µg/m3 µg/m3 µg/m3 nmol/m3 µg/m3

15.08.2023 20:00 0.00576 4.60E-04 0.21859 3.30527 9.68 7.60684

15.08.2023 22:00 0.00672 0.00196 0.43329 1.87244 10.96 5.86981

16.08.2023 20:00 0.00504 0.00379 0.25237 1.26522 9.88 6.83137

16.08.2023 22:00 0.00349 0.00109 0.21292 1.64547 5.8 9.50448

17.08.2023 13:00 0.00475 2.80E-04 0.16476 0.98544 4.88 5.91958

17.08.2023 14:00 0.00401 3.00E-05 0.14049 1.226 6.88 5.44033

17.08.2023 18:00 0.00663 7.60E-04 0.2608 1.08627 10.52 5.16038

17.08.2023 19:00 0.00562 6.20E-04 0.22449 0.81358 9.32 5.22453

17.08.2023 20:00 0.0046 4.70E-04 0.18818 1.1005 9.08 6.56321

17.08.2023 21:00 0.00385 2.60E-04 0.17093 0.84524 7.64 7.72193

17.08.2023 22:00 0.0031 4.00E-05 0.15367 0.8459 4.44 7.65142

18.08.2023 01:00 0.00211 1.00E-05 0.09726 0.66439 4 8.16486

18.08.2023 16:00 0.00734 0.00184 0.26693 2.34348 16.72 24.82547

18.08.2023 17:00 0.00838 0.00328 0.31657 2.5194 18.16 30.8066

18.08.2023 18:00 0.00942 0.00473 0.36621 2.95657 17.88 34.48585

18.08.2023 19:00 0.00784 0.00339 0.33482 3.51145 15.44 34.37028

18.08.2023 20:00 0.00626 0.00205 0.30343 3.09941 17.64 33.33962

18.08.2023 21:00 0.0062 0.00183 0.28084 3.23171 13.6 32.45519

18.08.2023 22:00 0.00613 0.00161 0.25825 3.03763 8.8 30.07311

19.08.2023 01:00 0.00383 3.80E-04 0.19397 1.66026 4.12 8.13939

19.08.2023 11:00 0.0053 1.70E-04 0.18714 1.08603 4.48 6.61179

19.08.2023 20:00 0.00687 4.50E-04 0.2634 2.17863 5.8 7.83892

19.08.2023 21:00 0.00714 5.10E-04 0.27348 2.24588 10.84 8.14481

19.08.2023 22:00 0.00741 5.60E-04 0.28356 1.48206 10.84 6.67099

20.08.2023 18:00 0.00595 4.20E-04 0.23588 1.6371 11.72 5.22382

20.08.2023 19:00 0.00635 4.70E-04 0.25133 2.49115 11.64 7.22783

20.08.2023 20:00 0.00676 5.20E-04 0.26678 3.11171 9.72 7.62453

20.08.2023 21:00 0.00706 4.60E-04 0.27062 1.91077 10.92 5.82995

20.08.2023 22:00 0.00735 4.10E-04 0.27446 1.48903 8 6.41533

21.08.2023 16:00 0.00609 3.00E-05 0.19136 1.37617 16.12 6.03632

21.08.2023 17:00 0.00603 2.00E-05 0.2144 1.42735 18.44 6.19788

21.08.2023 19:00 0.00501 9.00E-05 0.20903 2.02887 24.44 6.72264

21.08.2023 20:00 0.00406 1.90E-04 0.18061 2.23245 23.88 6.78514

22.08.2023 22:00 0.00884 0.00217 0.43442 1.11544 35.04 5.07193

23.08.2023 03:00 0.00614 6.80E-04 0.12816 0.9027 29.76 7.49222

23.08.2023 04:00 0.0063 0.00123 0.1594 1.1996 34.16 6.1842

23.08.2023 05:00 0.00859 0.00264 0.38608 1.09321 37.04 6.86368

23.08.2023 06:00 0.01087 0.00405 0.61275 1.27363 29.72 7.09528

23.08.2023 07:00 0.01033 0.00377 0.59167 0.96414 29.36 6.81392

23.08.2023 08:00 0.00979 0.00349 0.57058 0.85327 31.64 6.18844

23.08.2023 18:00 0.01218 0.0015 0.40372 1.30181 36.36 5.30212

23.08.2023 19:00 0.01099 0.0015 0.39398 2.46628 21.4 8.90401S43



Table S13. Continued

date Cu Mn Fe Org OPDHA PM2.5

µg/m3 µg/m3 µg/m3 µg/m3 nmol/m3 µg/m3

23.08.2023 20:00 0.0098 0.00151 0.38424 2.71819 16.52 8.50967

23.08.2023 21:00 0.00936 0.00143 0.37245 2.24242 9.36 8.40142

23.08.2023 22:00 0.00892 0.00135 0.36067 2.77582 9.68 8.24788

24.08.2023 01:00 0.00543 2.70E-04 0.21716 1.53002 6.56 5.4783

24.08.2023 02:00 0.00457 5.30E-04 0.1399 1.25349 10.88 5.61156

24.08.2023 03:00 0.00455 5.40E-04 0.13396 1.48768 12.88 7.10047

24.08.2023 04:00 0.00453 5.60E-04 0.12803 1.47078 12.84 6.31321

24.08.2023 05:00 0.00748 0.00152 0.26221 1.35469 14.04 6.28042

24.08.2023 06:00 0.01042 0.00249 0.39638 1.19363 10.4 8.17877

24.08.2023 07:00 0.01118 0.00351 0.44082 1.75288 7.84 9.31344

24.08.2023 09:00 0.01112 0.0046 0.4362 2.04771 5.68 11.69575

24.08.2023 10:00 0.01029 0.00468 0.38714 1.93393 7.68 9.61557

24.08.2023 11:00 0.0096 0.00407 0.39624 1.84664 7.48 8.41321

24.08.2023 13:00 0.00846 0.00201 0.33299 1.85109 10.68 6.98042

24.08.2023 14:00 0.00801 5.60E-04 0.26064 1.72426 13.8 6.19976

24.08.2023 15:00 0.01036 9.50E-04 0.29205 1.78198 15.24 6.63325

24.08.2023 16:00 0.0127 0.00134 0.32346 1.99735 12.12 9.43113

24.08.2023 19:00 0.01181 0.00226 0.46426 2.90776 5.84 9.57854

25.08.2023 19:00 0.00895 0.00106 0.35015 1.63872 35.8 5.42877
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Table S14. Soluble fractions of the transition metals as determined from field measurement studies (Connell et al., 2006; Manousakas et al.,

2014; Heal et al., 2005; Giorio et al., 2025).

Soluble fraction Metal Reference

0.32 Fe Giorio et al. (2025)

0.11 Fe Giorio et al. (2025)

0.21 Fe Giorio et al. (2025)

0.19 Fe Giorio et al. (2025)

0.42 Fe Giorio et al. (2025)

0.28 Fe Giorio et al. (2025)

0.37 Fe Giorio et al. (2025)

0.29 Fe Giorio et al. (2025)

0.15 Fe Giorio et al. (2025)

0.082 Fe Giorio et al. (2025)

0.142 Fe Manousakas et al. (2014)

0.11 Fe Connell et al. (2006)

0.163 Fe Heal et al. (2005)

0.2975 Cu Manousakas et al. (2014)

0.44 Cu Manousakas et al. (2014)

0.51 Cu Heal et al. (2005)

0.94 Cu Connell et al. (2006)

0.1596 Mn Manousakas et al. (2014)

0.45 Mn Heal et al. (2005)

Median Fe 0.19 This study

Median Cu 0.48 This study

Median Mn 0.30 This study
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3 Supplementary Text

3.1 H2O2 production experiments35

In order to reproduce the experimental data of Charrier et al. (2014), in addition to the transition metals and quinones, the model

includes 300 µM of citric acid, 200 µM ascorbic acid, 100 µM uric acid and 100 µM GSH. The final output is calculated by

diving the H2O2 concentration at 3600 seconds by 3600, resulting in a production rate of H2O2.

3.2 OH production experiments

In order to reproduce the experimental data of Charrier and Anastasio (2015), in addition to the transition metals and quinones,40

the model includes 300 µM of citric acid, 200 µM ascorbic acid, 100 µM uric acid, 100 µM GSH and 10 mM of Benzoate.

The rate of OH production is calculated by taking the linear slope between 0 and 4 hrs.

3.3 Ascorbic acid experiments

In order to reproduce the experimental data of Expósito et al. (2024), in addition to the transition metals and quinones, the

model includes an initial concentration of 200 µM ascorbic acid. The simulations are conducted at 310 K.45

3.4 DHA production experiments

In order to reproduce the experimental data of Shen et al. (2021), the model include 200 µM of ascorbic acid, and varying

concentrations of transition metals. These are allowed to react for 20 mins. The simulations are conducted at 310 K. The

oxidation of ascorbic acid is determined by quantifying the oxidation product dehydroascorbic acid (DHA) at the end of the 20

mins.50

3.5 DTT experiments with transition metals and quinones

In order to reproduce the experimental data of Charrier and Anastasio (2012) and Xiong et al. (2017), the model includes

an initial DTT concentration of 100 µM and varying concentrations of transition metals and quinones. The simulations are

conducted at 310 K. To reproduce the data of Expósito et al. (2024), the initial DTT concentration is set to 50 µM, as used in

their study. The rate of DTT loss is calculated by taking the linear slope between 0 and 15 mins.55

3.6 DTT experiments with SOA

In order to reproduce the experimental data of Tuet et al. (2017), we follow the experimental protocol from Fang et al. (2015).

An initial DTT concentration of 0.1 mM is included in the model. The simulations are conducted at 310 K. The rate of DTT

loss was determined by taking the linear slope at 0, 4, 13, 23, 30, and 41 mins.
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3.7 EPR experiments with SOA60

In order to reproduce the experimental data of Tong et al. (2018), we include an initial spin trap concentration of 10 mM, and

an SOA concentration between 0 and 4 mM. As the SOA was freshly produced, we assume a low degree of aging, and do the

simulations with 10% and 3% peroxide content Wang et al. (2018).

3.8 Relative bias calculation

The relative bias of the model is calculated as follows:65

1

N

N∑
i=1

(
modeli − datai

datai
× 100

)
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