
Supplement to Trace metals in soot and PM2.5

from heavy-fuel-oil combustion in a marine

engine

J. C. Corbin1,∗, A. A. Mensah2 S. M. Pieber1 J. Orasche3,4 B. Michalke5 M.
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Additional ICP-OES method details

Elements were analyzed using the ICP-OES system “Spectro Ciros Vision” from SPEC-

TRO Analytical Instruments GmbH & Co. KG, Kleve, Germany. Samples were in-

troduced to the instrument using its peristaltic pump, followed by nebulization with

a Seaspray nebulizer utilizing a cyclone spray chamber. The nebulizer flow rate was

0.6 L min−1, the plasma gas flow rate was 14 L Ar min−1, and the RF power was set to

1200 W. For diesel fuel (EN 590), we followed the analysis standard DIN EN 16476 for

direct determination of Na, K, Ca, P, Cu, Zn in diesel fuels by ICP-OES. For HFO we

followed the ICP-OES standards DIN 51400-10 for determination of sulfur; ISO 10478

for determination of Al and Si; and DIN EN 15944 for determination of Ni and V.

These standards also apply to other elements.

The measured elements and spectral element lines were Al (167.078 nm),

As (189.042 nm), Ba (455.404 nm), Ca (183.801nm), Cd (214.438 nm), Co (228.616 nm),

Cr (267.716 nm), Cu (324.754 nm), Fe (259.941 nm), K (766.491 nm), Mg (279.079 nm),

Mn (257.611 nm), Mo (202.030 nm), Na (589.592 nm), Ni (231.604 nm), P (177.496 nm),

Pb (220.353 nm), S (180.731 nm), Sb (206.833 nm), Se (196.090 nm), Sn (189.991 nm),

Sr (407.771 nm), Ti (334.941 nm), V (292.464 nm), Zn (213.856 nm).

After every ten measurements, three blanks and a control (certified standard) were

measured for all mentioned elements. Results were calculated using a computerized

lab-data management system, relating the sample measurements to calibration curves,

blank determinations, control standards and the weight of the digested sample. The

determination method was validated by regular laboratory intercomparison studies and

by regular analysis of adequate certified reference materials.

The digestion procedure and solubilisation of metals from filter samples and subse-

quent element determination were evaluated with certified reference material (CRM)

“BCR 723 road dust, additional values”. This CRM was considered as comparable

to samples from this study, as it is collected from ceiling of a tunnel being a main

route for inter-Europe diesel trucks. The recoveries ranged mainly between 80–109%.
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Detailed recoveries per element are given in Table S4. The recovery of Ni in the CRM

was an outlier at 65.5 %, is consistent with our previous experience for Ni oxides. The

expected recovery for Ni in other compounds, such as organometallic compounds, is

closer to 90–100 % in our experience. Therefore, to the extent that our HFO samples

contained Ni in oxide form, our reported values may be biased low (such that V : Ni is

biased high). The excellent agreement between our reported values with the literature

(see main text) suggests that such potential issues are not prominent in our data set.

However, as previous work has not reported Ni recoveries in detail, we cannot exclude

the possibility that literature values are also biased low due to the presence of Ni in

its oxide form.

Additional discussion of AMS analysis and re-

sults

AMS bounce related correction

Because solid nrPM may bounce off of the porous-tungsten vaporizer, a bounce-related

correction factor known as the collection efficiency (CEb) is routinely applied to AMS

data1. In this study, OM was likely liquid since a large fraction2, though not all3,4, of its

mass originated from lubrication oil. Similarly, sulfates were likely liquid sulfuric acid

because negligible concentrations of ammonium or nitrate were measured. Therefore

we have applied a bounce-related collection efficiency of unity, reflecting no correction

for bounce5.

Elemental analysis and OM/OC ratios

Aiken et al.6 showed that electron-ionization mass spectra can be calibrated for O:C

and H:C ratios (from which OM/OC can be derived when OM is known). In normal

AMS operation, H2O-related ions and CO +
2 suffer from interference from background

water and carbon dioxide, respectively. Other complications arise due to the thermal
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degradation reactions on the AMS porous-tungsten vaporizer, for example dehydration

reactions. Aiken et al.7 proposed an empirical model to address these complications

in normal AMS operation. Canagaratna et al.8 showed that some biases that resulted

from the Aiken et al.7 could be improved by increasing the complexity of the empirical

model.

In this study, we have chosen to use the Aiken et al.7 elemental analysis method

rather than the new Canagaratna et al.8 method. The extensions to the empirical

model proposed by Canagaratna et al.8 are relevant to reactions such as dehydration,

which cannot occur in the almost oxygen-free OM that was measured in this study.

Thus, the quantification of the additional parameters required for the more-complex

Canagaratna model would only enhance our uncertainty in the reported elemental

composition.

Additional discussion of SP-AMS analysis and

results

Methodology for SP-AMS metal quantification

Our quantification of metals by SP-AMS can be summarized is generally based on the

application of the method described by Carbone et al. (2015). We carefully considered

each assumption involved in applying this method, and discuss the method and our

considerations in this supplementary section.

The RIE (sensitivity relative to nitrate in ammonium nitrate, as defined in the main

text) used for SP-AMS-measured rBC was 0.29, a value which includes the transmis-

sion efficiency of rBC particles from the aerodynamic lens to the SP-AMS laser (Ez) as

discussed further below. For SP-AMS metals, we used the RIEs reported by Carbone

et al.10: 1.36 (V), 0.25 (Ni), 0.32 (Fe), 21.42 (Ba), and 20.30 (Na). The RIEs reported

by Carbone et al.10 for Na and Ba are anomalously high due to thermal surface ioniza-

tion (TSI). Since Carbone et al.10 determined these RIEs by vaporizing monolayers of
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metal nitrates on rBC particles, most of the metal mass in their study would have been

subject to TSI. In contrast, if metals existed as heterogeneous inclusions in our rBC

particles (soot), some of the metal mass may have vaporized from a metal or metal-

oxide surface. This may have suppressed TSI, for which the work function of the surface

is an essential parameter11,12. Since TSI enhances the RIE, and since CM,SP-AMS de-

creases with increasing RIE, our reported values for CBa,SP-AMS and CNa,SP-AMS are

conservative lower limits. The relevance of TSI is dependent on the mass fraction of Na

or Ba vapourized from low-work-function surfaces in the SP-AMS. It is unlikely that

this factor is large enough to bias the conclusions made in this manuscript because

previous work has not observed the presence of Na or Ba inclusions in HFO soot13,14.

To minimize the impact of TSI on this manuscript, we have limited our interpretation

of Na and Ba to the emission factors presented in the manuscript. As just stated, the

possibility of TSI means that these are conservative concentration estimates.

We note that there is a possibility that some fraction of our measured SP-AMS

signals have have originated from metals or metal oxides which directly absorb the

1064 nm laser. The good correlation between CrBC,SP-AMS and CM,SP-AMS for all sam-

ples but the Fe outlier in Fig. 2 of the manuscript indicates that this fraction was

minor except for that outlier. This good correlation stands in contrast to the very

poor correlation between CM,SP-AMS and CM,ICP-OES shown in Figure S9.

Each SP-AMS metal concentration was quantified from its most-abundant isotope-

ion signal. These isotopic signals were integrated to obtain peak areas which were then

divided by the relative abundance15 of that isotope. The mass fraction of Fe ( 12 %)

and V (3.5 %) present as metal-oxide ions (MO+
x ) was added to the corresponding mass

of metal ions (M+
x ) when reporting the mass concentrations of these species.

We estimated peak-specific limits of quantification (i.e., method limits of quantifi-

cation, LOQ) to be similar for all quantified metals, as 20 ng m−3 by the following novel

procedure. The procedure is based on inspection of the measured isotopic abundances

as a function of the measured concentrations. At lower concentrations, the variance

of the measured abundances increased rapidly due to the imprecise measurement of
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the less-abundant isotope. We define the LOQ to have been reached just before this

rapid increase (at roughly > 30 % imprecision), as is clearly visible in the scatterplots

in Figs. S5–S7. We thus obtained an estimated LOQ of 20 ng m−3 for all quantified

metals except Ni, for which the estimated LOQ was 5 ng m−3. This approach actually

evaluates the precision with which the less-abundant isotope was quantified, although

the more-abundant isotope was used to calculate mass concentrations (Methods sec-

tion of manuscript). Correspondingly, this approach results in a conservative estimate

of the LOQ. The estimated LOQ is in reasonable agreement with the uncertainties

provided from SP-AMS peak-fitting errors16 (error bars in Figs. S5–S7). Note that

we did not use the standard definition of LOQ (10 times the standard deviation of a

blank) because of the potential importance of interference from nearby peaks in our

method of quantification.

SP-AMS particle-size sensitivity

Particles are introduced into the SP-AMS by an aerodynamic lens17 which focusses

particles into a narrow beam. When this particle beam arrives at the vaporizers, it

has a cross section such that nearly all particles with diameters dva (the free-molecular

aerodynamic diameter) between about 90 – 600 nm impact the porous-tungsten vapor-

izer. That is, the transmission efficiency from lens to porous-tungsten vaporizer (EL)

is near unity. The corresponding transmission efficiency from lens to laser vaporizer

(Ez) is smaller than EL, since the laser has a smaller cross section18,19.

The amount by which Ez <EL will depend on the particle dva. This dependence

is counter-intuitive due to the following relationship of dva with soot-particle mixing

state. For fractal-like soot particles, dva is independent of the particle mass to a good

approximation, because it is primarily governed by the soot-monomer diameter20. For

spherical particles dva is the volume-equivalent diameter weighted by the overall particle

density21. Therefore, a difference in Ez between two experiments may indicate either a

difference in soot-monomer diameters, a difference in the fraction of nrPM mixed with

the soot, or both.
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Note that, in the absence of internally-mixed nrPM, the dependence of dva on soot-

monomer diameter means that Ez < 1 does not bias the measurements towards larger

particles. In this scenario, normalizing SP-AMS metal signals to rBC signals provides

an estimate of the metal content of the rBC that is not biased by dva.

Evaluation of SP-AMS response to rBC

SP-AMS rBC quantification

As stated in the main text, SP-AMS rBC mass concentrations CrBC,SP-AMS were quan-

tified from the sum of carbon-cluster ions (C +
1-9 )9,22,23. Fig. S1 shows that the ratio

C +
1 : C +

3 was unity for our samples, in contrast to the previously-reported22 of 0.6.

Note that this ratio was independent of fuel type in our study, in contrast to the results

of Corbin et al.,22 who found that a quenched propane flame could produce different

ratios depending on the global equivalence ratio of the flame.

In addition major carbon cluster ions, fullerene-related carbon-cluster ions, such as

C +
32 were also observed, but at negligible (� 1 % of C +

1-9 ) concentrations. Signals

from oxidized rBC-surface functional groups24 were also identified, but were too low

to be quantified, partly due to high OM concentrations.

Comparison of SP-AMS rBC with SP2 rBC

rBC concentrations estimated by SP-AMS were not correlated with BC measurements

from two independent methods: rBC by SP2 and absorption by in-situ extinction-

minus-scattering (Fig. S3). These measurements are described in detail elsewhere25.

This section describes this lack of correlation in detail.

The ratio CrBC, SP-AMS : CrBC, SP2 in Fig. S3 was close to unity for the fuels MGO

and diesel, and for low COM. This result supports that the SP-AMS behaved as

expected, since the SP-AMS RIE used here was been obtained for irregularly shaped

BC particles9, which have a lower Ez than BC mixed with OM18. Note that due to the

fact that dva for fractal-like aggregates is governed by soot-monomer size rather than
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soot-particle mass20, the SP-AMS RIE calibration is not independent of Ez when using

realistic, fractal-like soot particles; differences in soot-monomer size between calibrant

and sample will therefore lead to biases such as we have observed. Such differences

are indeed expected a priori; the monomer size of HFO soot has been reported as

30–80 nm14,26 whereas that of the calibrant material (the fullerene-rich carbon black

known as Fullerene Soot; FS) is ∼ 50 nm27. Moreover, FS is not fractal-like27.

The difference in monomer size and morphology of the FS calibrant compared to the

real soot samples means that the SP-AMS Ez (the instrument transmission efficiency

from aerodynamic lens to laser vaporizer; see Experimental Section) must be different

for the sampled particles compared to the calibration particles. If the monomer size of

the sampled particles varied over time, then the SP-AMS sensitivity (Ez) would vary as

well. Such wide variation is shown in Fig. S3, where the ratio CrBC, SP-AMS : CrBC, SP2

is plotted against CrBC, SP2 in Fig. S3. The figure includes HFO (the main focus of

this manuscript) as well as the distillate fuels MGO and diesel for context. Colours

indicate the AMS-measured OM concentration COM. In addition to monomer size and

morphology effects, mixing state effects18,19 may be present in the figure, however as

mentioned we believe internal mixing of the rBC to be negligible.

The ideal value of CrBC, SP-AMS : CrBC, SP2 (the ordinate axis in Fig. S3) is unity,

since the SP2 provides a reliable, mixing-state-independent measure of rBC mass con-

centrations28,29, This value would reflect a perfectly-calibrated SP-AMS. That is the

best-case scenario; the second-best case scenario is for this ratio to be a constant num-

ber, reflecting a constant SP-AMS sensitivity; for example if the collection efficiency

was incorrect. While the ratio approached unity for some samples (corresponding to

an accurate RIE of rBC) no constant ratio was evident for any sample.

We are confident that biases in CrBC, SP2 due to particle-sizing limitations do not

play a role in the trends of Fig. S3 because the slope of a plot of the 780 nm ab-

sorption coefficient (measured simultaneously by the extinction-minus-scattering tech-

nique) with CrBC, SP2 was near constant, at 7.8 m2g−1 (the standard error of the fit

was ± 23 %). This ratio is equal to the BC mass absorption cross-section. Those ab-
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sorption measurements, presented in Corbin et al.25, were performed on the aerosol

ensemble and were not subject to single-particle limitations. Also, the extinction-

minus-scattering instrument was located physically next to the SP2 and SP-AMS,

such that any particle losses in the sampling lines would be similar between these three

instruments.

While Fig. S3 shows some dependence of this ratio on both fuel type and COM

(potentially indicating internal mixing), the scatter for any given fuel is too large to

recommend constant-valued fuel-specific calibration factors. In particular, the scat-

ter is very large for HFO, for which rBC-containing particles were very large25. In

these experiments, approximately half of the rBC mass for HFO was found in parti-

cles with spherical-equivalent diameters de larger than 700 nm25, which corresponds to

free-molecular-regime aerodynamic diameters dva = ρ̂pde/χ of 420− 630 nm, assuming

a specific gravity ρp = 1.8 and shape factor χ = 2 − 3, based respectively on Park

et al.30 and Sorensen31. A more-accurate calculation of dva is not possible due to the

uncertainty in estimating χ.) This is the size range within which AMS lens transmis-

sion efficiency begins to fall below unity17. The SP2-measured size distribution was

similar for all HFO experiments25 and the SP-AMS and SP2 sampled adjacently to

one another, so our confidence in the SP2 correction factor (see Experimental section

of manuscript) is much higher than our confidence in the SP-AMS lens transmission.

Thus, we believe that variations in BC-particle size are the main cause of the variable

ratio in Fig. S3.

It could be hypothesized that an interference of OM ions could explain the variable

ratios in Fig. S3. However, the correlation of C +
3 (the major SP-AMS ion from BC,

Corbin et al.22) with its nearest neighbour, H2
34S+, was less than 0.02. In contrast, the

correlation of C +
3 with C +

1 was very good (Fig. S1, slope of unity) and the correlation

of C +
3 with the sum C +

1−5 was better than 0.99 (Pearson r2). The latter correlation

also illustrates that organic-generated C +
1 was negligible in this study, in contrast

to the conclusions of Corbin et al.22. Organic-generated C +
3 was also negligible, in

agreement with literature19,22. Here, we do not intend to imply that internal mixing
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of OM and rBC was significant, only that the ions generated from these two species

may overlap in the mass spectrometer. If internal mixing was significant, it is expected

to increase Ez Willis et al.18, Ahern et al.19, but as already stated Corbin et al.25

concluded that internal mixing was minor for this data set.

It could also be hypothesized that variations in the SP-AMS ionization efficiency

of rBC ions contributed to the variable ratios in Fig. S3. We believe that this is

unlikely, since the 780 nm mass-absorption cross-section of these samples was stable

for all experiments25, however, stronger evidence would be needed to address this

hypothesis.

In addition to the small-x (x < 10) Cx ions discussed above, larger fullerenic clusters

were observed in small relative amounts in this study (less than 1 %). However, the

quantification of these clusters was not considered reliable due to the abundance of

high-m/z signals from organic ions in the mass spectrum, so they are not discussed

further.

Metal ions observed by SP-AMS

With the 1064 nm SP-AMS laser switched on, metal ions appeared in the mass spectrum

(see Fig. S2 for an example) as well as carbon-cluster ions. This subsection discusses

the metallic ions; the carbon-cluster ions were discussed in the preceding section.

The three most-abundant metals present in HFO were V, Ni, and Fe. The negative

mass defects of these ions helped to separate them from nearby organic peaks, allowing

reliable identification and quantification. These metals were resolved in the SP-AMS

mass spectrum as atomic ions (M+). Cluster ions (M+
n ) were not observed, potentially

because the M+ ions were formed from ionization of M(g), although fragmentation of

larger gas-phase molecules cannot be ruled out.

In addition to these major species, Na, K, and Ba were measured with excellent

signal-to-noise due to surface-ionization-enhanced SP-AMS sensitivity10, as was dis-

cussed above. K is noted here but was not quantified because its SP-AMS ionization

efficiency has not been reported. The measured isotopic ratios for Ni (Fig. S6), Fe
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(Fig. S7), and Ba (Fig. S8) were in excellent agreement with the literature15.

Some less-abundant metals which were measured in the PM2.5 by ICP-OES (e.g.,

Zn+, Cu+, and Mo+) could be identified in selected mass spectra, but were not of

sufficient intensity to be quantified16,32 in most spectra due to the frequent presence

of overlapping, more-intense organic-ion peaks. Nevertheless, the quantified metals

include the five most-abundant PM2.5 trace elements except calcium (see Fig. 1 and

Table S3). Calcium could not be quantified as calcium-40 suffered interference from

argon and calcium-42 suffered interference from organic ions. Similarly, aluminum

(the sixth most-abundant metal) suffered interference from nitrogen-28. Silicon (which,

though not a metal, was the tenth most-abundant element in the fuel) was not observed

in atomic nor molecular ions.

In addition to monoatomic metal ions (M+), some metal-oxide ions (MO+) ions were

observed, always in minor quantities. Specifically, the ions FeO+, Fe2O
+, and VO+

were observed, at much lower intensities than the respective metal-only ion signals (see

scatterplots in Figs. S5 – S8). In particular, 3.5 % of the total measured V mass was

present as the oxide ion (Table S5), showing that the majority of V was ionized from

V(g), since the species VO+ is stable enough to survive the high ionization energies

used in laser desorption/ionization mass spectrometers33–36 and would therefore have

survived electron ionization in the SP-AMS. This V(g) may have vapourized directly

from metallic compounds or have been formed by the thermal decomposition of metal

oxides37. In contrast to V, the mass of Fe observed as FeO+ was relatively high at

12 % (Table S5), suggesting that iron oxide vapours were formed prior to electron

ionization.

Other metal-oxide ions (such as FeO +
2 , NiO+, Ni2O

+, VO +
2 , and BaO+) were

not observed. When reporting metal mass concentrations, we have reported the total

measured mass of each metal, which means including the small fraction of M present

as MxO+
y in the reported metal mass concentrations. After correcting for the presence

of oxygen in the oxides, this corresponds to an increase in the reported concentrations

by 12 % (Fe) and 3.5 % (V), as shown in Table S5.
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Table S1: Abbreviations and symbols commonly used in the text.

Abbreviation Definition
HFO Heavy Fuel Oil (residual fuel)
MGO Marine Gas Oil (distillate fuel)
DF Diesel Fuel (distillate fuel)
BC Black Carbon (strongly light-absorbing,

refractory to 4000 K, insoluble graphenic formed by incomplete combustion)
rBC refractory Black Carbon, defined when BC is quantified by SP2

and also used for the SP-AMS.
SP2 Single Particle Soot Photometer
SP-AMS Soot-Particle Aerosol Mass Spectrometer
AMS Aerosol Mass Spectrometer

(or dual-vaporizer SP-AMS operating with laser off)
ICP-OES Inductively-Coupled-Plasma Optical Emission Spectroscopy
OM Condensed organic matter (organic PM)
PM Particulate Matter
SEM Standard error of the mean
soot Particle composed primarily of aggregated BC monomers,

produced by in-flame nucleation and coagulation,
including inclusions and internally-mixed components.

char Particle composed primarily of large, spherical BC,
produced by fuel-droplet pyrolysis.

Cx Mass concentration of x
dva Free-molecular regime aerodynamic diameter
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Table S2: Elemental composition of the fuels , obtained by ICP-OES. Selected physical
properties are also shown. All percentages and ppm are by mass.

Parameter Unit Residual fuel (HFO) Diesel (DF) Marine gas oil (MGO)
Fuel densitya kg m−3 989.5 833.8 833.9
Viscosityb mm2 s−1 341.9 2.68 2.83
Heating value kJ kg−1 39871 42708 42675
C % 85.91 85.3 85.12
H % 11.23 13.91 13.89
O % 0.56 < 0.01 < 0.01
S ppm 23306 7.0 783
Ashc % 0.03 < 0.01 < 0.01
V ppm 138 < 0.1 < 0.1
Ni 31.3 < 0.1 < 0.1
Na 29.2 < 0.1 < 0.1
Ca 24.8 < 0.1 < 0.1
Fe 14.3 < 0.1 0.2
Si 2.6 < 0.1 < 0.1
Al 1.6 < 0.1 < 0.1
Zn 1.4 < 0.1 < 0.1
P 1.3 < 0.1 < 0.1
Cr 1.0 < 0.1 < 0.1
K 0.7 < 0.1 < 0.1
Cu 0.7 < 0.1 < 0.1
Ba 0.6 < 0.1 < 0.1
Mo 0.5 < 0.1 < 0.1
Mn 0.5 < 0.1 < 0.1
Mg < 0.1 < 0.1 < 0.1
Pb < 0.1 < 0.1 < 0.1
Sn < 0.1 < 0.1 < 0.1

aMeasured at 288 K. bMeasured at 323 K for HFO, at 313 K otherwise.
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Table S3: Elemental composition of the residual fuel and residual-fuel PM2.5 (after engine
combustion and filter sampling), obtained by ICP-OES.

Element Residual-fuel sample [mg kg−1 fuel] Residual-fuel PM2.5 [mg kg−3 fuel]
V 138 17.05 ± 0.38
Ni 31.3 3.22 ± 0.10
Na 29.2 3.71 ± 0.13
Ca 24.8 3.16 ± 0.21
Fe 14.3 2.46 ± 0.16
Si 2.6 n.d.
Al 1.6 1.52 ± 0.25
Zn 1.4 0.66 ± 0.05
P 1.3 0.50 ± 0.06
Cr 1.0 0.11 ± 0.01
Cu 0.7 0.15 ± 0.01
K 0.7 0.45 ± 0.08
Ba 0.6 0.176 ± 0.006
Mo 0.5 0.056 ± 0.002
Mg < 0.1 0.31 ± 0.06
Mn 0.5 0.033 ± 0.003
Pb < 0.1 < 0.0015
Sn < 0.1 0.074 ± 0.005

Total 110.5 33.66
n.d.: not determined.
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Table S4: ICP-OES recoveries of Certified Reference Material “BCR 723 road dust, addi-
tional values”. n.r.v.a. = no reference value available.

Element Recovery
Al 95.3%
As 91.6%
B n.r.v.a.
Ba 92.8%
Be n.r.v.a.
Ca 96.2%
Cd 83.2%
Co 80.2%
Cr 80.9%
Cu 90.5%
Fe 109%
Hg n.r.v.a.
K 107%
Li n.r.v.a.
Mg 100%
Mn 91.7%
Mo 80.0%
Na 101%
Ni 65.5%
P n.r.v.a.

Pb 92.3%
S 84.6%

Sb 78.0%
Sn 99.1%
Sr 90.6%
Ti 104.7%
V 92.7%
Zn 85.9%

Table S5: SP-AMS-measured mass fraction of oxides relative to atomic ions, for species
with detectable oxide signals. The concentration ratios are obtained from the fits in Figs. S6
and S7. The quantity CM-in-oxide-ion is the mass concentration of M present in that oxide ion.

Metal M Oxide ion Coxide-ion : CM [%] CM-in-oxide-ion : CM [%]
V VO+ 4.64 ± 0.08 3.53 ± 0.06
Fe FeO+ 12.8 ± 0.7 9.95 ± 0.5
Fe Fe2O

+ 5.1 ± 0.4 2.23 ± 0.15
Fe total 17.9 12.18

It has been assumed that metal oxides have similar RIEs to the metal ions themselves. The
conclusions made in this manuscript are insensitive to the metal-oxide RIE.
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Figure S3: rBC concentrations as measured by SP-AMS (CrBC,SP-AMS) normalized by and
plotted against rBC concentration measured by CrBC,SP2. Data for the two distillate fuels
MGO and diesel are included for context (different symbols). Symbols are coloured by the
AMS-measured OM concentration COM. While higher CrBC,SP-AMS : CrBC,SP2 was observed
for higher COM, this must be interpreted with caution because COM variations were caused by
changes in engine operating conditions. These changes also influenced particle number and
median rBC-particle mass. In the concentration range 10–30 µg m−3, the required SP-AMS
correction factor (i.e., Ez) spans a factor of 1–3.
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Figure S4: Elemental emission factors for in-PM2.5 (ICP-OES) and in-soot (SP-AMS) mea-
surements plotted against fuel composition. Symbols indicate the elements.

Figure S5: Vanadium-containing ions plotted against V+. Black line: OLS fit excluding data
below LOQ of 0.003µg m−3 VO+ with intercept fixed at zero. Fit results given in Table S5.
V2+ is included to demonstrate a lack of interference from nearby ions at V+ (the intensity
of C3H

n+
7 relative to Vn+ was much lower for the doubly-charged case). The units refer to

the mass per volume of air in the sampled aerosol.
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Figure S6: Nickel-containing ions and isotopes plotted against 58Ni+. Dashed line shows
1 : 1; dotted line the expected relative abundance of 38.520%15. The units refer to the mass
per volume of air in the sampled aerosol.

Figure S7: Iron-containing ions and isotopes plotted against the major iron isotope, 56Fe+.
Red shading shows the region in which FeO+ was poorly correlated with 56Fe+.Grey shading
the 1σ uncertainty of an OLS fit to data above LOQ. Lower dashed line shows the expected
6.3 % isotopic abundance of 54Fe relative to 56Fe15.
The fits are ODR with intercepts were not significantly different from zero; fit slopes are
given in Table S5. The units refer to the mass per volume of air in the sampled aerosol.

S19



Figure S8: Isotopes of barium quantified by SP-AMS. Slopes are not fits to the data, but
rather show the relative abundances of each isotope according to IUPAC15. The relative
abundances are 9.194%, 10.954%, and 15.666% for Ba-135, Ba-136, and Ba-137, respectively.
The units refer to the mass per volume of air in the sampled aerosol.
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Figure S9: SP-AMS metal signals plotted against ICP-OES metal signals for (a-d) Fe, V, Ni
and Ba, respectively. Note the split ordinate in panel (a).
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