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o Radiocarbon analysis was performed on
carbonaceous aerosols from Delhi.

o Fossil fuel combustion was identified as
the dominant source.

e Comparison of source contributions
from different methods.

e The contribution from biomass burning
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ABSTRACT

Delhi experiences some of the highest levels of fine particulate matter (PMy5) pollution among megacities
worldwide. Here, we integrated radiocarbon (*#C) analysis with organic molecular tracers to quantify the sources
of carbonaceous aerosols in Delhi. Through time-resolved seasonal and diurnal PMy 5 sampling at two repre-
sentative urban sites and using 1C as an unambiguous tracer, we provide robust quantitative constraints on
source contributions. We found that fossil fuel combustion is the dominant contributor, accounting for 62-65 %
of organic carbon and 64-66 % of elemental carbon in PM; 5. Crucially, primary organic carbon from fossil fuels
(POCpp) constituted the largest fraction of PMy s organic carbon (31-44 %). Its contribution peaked in the post-
monsoon season, driven mainly by traffic emissions and coal combustion. Secondary organic carbon from fossil
sources (SOCgr), biomass burning (OCgg), and cooking emissions (OCcxk) contributed 21-29 %, 10-18 % and
3-7 % of PM_ 5 organic carbon, respectively. Furthermore, comparisons with Positive Matrix Factorization (PMF)
results suggest that conventional methods may overestimate the biomass burning contribution, underscoring the
value of the *C-based approach for accurate apportionment in this complex environment. This study underscores
the critical need to reduce fossil fuel reliance and accelerate the shift toward clean energy infrastructure to
effectively combat carbonaceous aerosol pollution in Delhi.

1. Introduction

Deteriorating air quality is a global concern [1-3]. Atmospheric fine
particulate matter (PMy5), particularly carbonaceous aerosols, exerts
significant impacts on climate and human and environmental health
[4-8]. Carbonaceous aerosols are a major component of PMys, ac-
counting for approximately 40 % of the global total PM5 5 mass [9], with
regional contributions reaching up to 80% [10, 11]. Typically, carbo-
naceous material can be classified into elemental carbon (EC) and
organic carbon (OC) based on physicochemical properties [12]. EC
originates predominantly primary emissions from fossil fuels or
incomplete biomass burning [13], whereas OC derives from both pri-
mary emissions (POC) and secondary formation (SOC), the latter formed
via photochemical oxidation of volatile organic compounds [14].

Frequent severe haze events have been plaguing air quality in India
[15-19]. Recent studies estimate that air pollution caused ~1.24 million
deaths in India in 2017 [1], rising sharply to 1.67 million by 2019 [20].
As one of the world's most polluted megacities, Delhi epitomizes this
crisis. Studies show that from 2013 to 2021, the annual average PM; 5
concentration in Delhi was 126 + 77 pg-m~°, ranging from 17 to 581
pg-m~3 [21]. Notably, Delhi experiences an exceptionally high load of
carbonaceous aerosols, typically accounting for 30-50 % of PMj 5 mass,
with total carbon (TC = OC + EC) concentrations often exceeding 50
pg-m > and peaking above 100 pg-m~> during severe pollution episodes
[15, 19, 22, 23]. An investigation into carbonaceous aerosols in PMj 5
from an industrial area of Delhi in 2011 reported an annual average
PMS,5 concentration of 145.59 pg-m 3, with OC at 41.12 pg-m 2 and EC
at 13.25 pg-m > [24]. Therefore, there is an urgent need for pollution
reduction measures in Delhi.

Source apportionment results for carbonaceous aerosols in Delhi
show significant discrepancies, reflecting methodological challenges.
Receptor models (such as Positive Matrix Factorization, PMF) applied to
chemical speciation data frequently identify substantial contributions
from biomass burning, vehicular emissions, and secondary formation
[15, 17, 19, 23]. However, attributions to primary and secondary con-
tributions vary widely across studies (approximately 10-40 %) [25, 26,
19, 23]. These differences may partly stem from uncertainties in emis-
sion inventories and techniques based on OC/EC ratios, which are
limited by activity data and emission factors [27, 13, 28]. Hence, there is
a critical need to establish objective constraint mechanisms to refine
source allocation of carbonaceous aerosols, particularly to clearly
distinguish contributions from fossil fuels versus contemporary bio-
mass/biogenic sources.

Radiocarbon (1*C) analysis provides precisely such a constraint
[29-32]. As a radioactive isotope, e undergoes decay [33] and in-
tegrates into the modern biogeochemical cycle via atmospheric 14CO,.
In contrast, fossil-derived carbon has decayed to levels indistinguishable
from instrument background over prolonged geological processes,

containing negligible amounts of 1C [34], enabling clear separation
between fossil and non-fossil sources. This method minimizes
transport-induced chemical alterations, offering robust source
differentiation.

By integrating cross-seasonal PMy 5 sampling with 1*C analysis in the
Delhi megacity, this study aims to (1) provide isotope-based quantitative
estimates of fossil and non-fossil sources with reduced methodological
ambiguity, (2) further employ the extended Gelencsér (EG) method to
resolve the contributions of primary versus secondary OC from these
sources, particularly focusing on the role of fossil-derived POC, and (3)
evaluate these *C-constrained results against conventional PMF-based
apportionment [23] to identify potential biases and refine source char-
acterization for Delhi. The findings underscore the critical need for
implementing fossil-derived OC reduction strategies, particularly tar-
geting primary emissions, and accelerating renewable energy adoption
to mitigate severe carbonaceous aerosol pollution in Delhi.

2. Materials and methods
2.1. PM, 5 sampling

Intensive PM3 5 sampling campaigns were conducted in 2018, with
samples collected at the Indian Institute of Technology Delhi (IITD:
28.54°N, 77.19°E) and Indira Gandhi Delhi Technical University for
Women (IGDTUW: 28.67°N, 77.23°E) in Delhi, India. Details on the
sampling sites are provided elsewhere, and both sites represent char-
acteristic urban background locations [22, 23]. Measurements spanned
three seasons: winter (January-February), pre-monsoon (March-May),
and post-monsoon (October-November). Methodological details sum-
marized in Table S1 (Supplementary Information).

To ensure comprehensive sampling, air samplers were operated
simultaneously at the IITD and IGDTUW to collect PM; 5 samples for
characteristic analysis. Paired daytime (09:00-21:00, local time) and
nighttime (21:00-09:00, local time) samples were collected daily,
yielding 128 samples across both sites. The PMy 5 chemical composition
is characterized in detail in Srivastava, et al. (2025).

2.2. Measurement of radiocarbon (° 14C) and calculation of EC/OC ratios

During the concurrent sampling period (26 January-1 November
2018), daytime and nighttime PMy s filter samples from IITD and
IGDTUW were respectively used for C analysis and quantification of
the proportion of OC versus EC on the samples. A total of 34 samples
were selected for 1*C analysis determinations were acquired (21 from
IITD and 13 from IGDTUW, Table S2) based on a stratified selection
process considering season, site, and diurnal variation to ensure repre-
sentativeness while accounting for measurement costs.

The proportion of OC versus EC in each sample was measured via the
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hydropyrolysis (HyPy) technique. This technique has been proven to be
a reliable method for isolating EC from complex environmental samples
for radiocarbon analysis. Methodological comparison studies indicate
that EC isolated by HyPy exhibits high consistency with results obtained
via thermo-optical transmittance (TOT), a commonly used benchmark
method (with an average EC/TC ratio deviation of approximately 10 %),
and demonstrates superior consistency compared to other physico-
chemical separation methods [35]. Data comparison in this study also
reveals that the overall average difference in EC/TOC ratios measured
by HyPy and conventional methods is less than 3 %, indicating that both
methods capture the same carbon components within the study
(Fig. S1). HyPy defines EC by selectively retaining polycyclic aromatic
carbon (>7 rings) [36, 371, thereby ensuring that the isolated compo-
nent unequivocally originates from combustion processes. This
approach effectively isolates EC from atmospheric aerosols, enabling its
quantification and subsequent matrix-independent C analysis of both
EC and OC [38]. Samples were weighed and loaded with a catalyst
(ammonium dioxydithiomolybdate [(NH4)2Mo005S-]). The
catalyst-loaded samples were placed in pre-combusted quartz crucibles
and pyrolyzed in a commercially available HyPy instrument (Strata
Technology Ltd., Middlesex, UK). The HyPy reactor (containing the
sample) was pressurized with hydrogen at 15 MPa. The samples were
then pyrolyzed to 250°C at an initial heating rate of 300°C/min, and
then heated to 550°C at 8°C/min, using a sweep gas (Hy) flow of 5 min~!
(ATP). The %C of the sample before and after the HyPy process was
measured via elemental analysis. The proportion of EC versus OC in the
sample was then calculated via the change in amount of carbon (mg C)
in the starting sample versus the HyPy residue [39].

Radiocarbon measurements of OC and EC on samples were obtained
by measuring the 14C of the Total Carbon (TC) on the filter, and the e
of EC that had been isolated by HyPy, as described above. The 14C value
of OC was then obtained by difference. The 1“C values of TC and EC were
obtained by combusting a fraction of a sample (as collected on quartz
filter) before and after HyPy, respectively, in a sealed and evacuated
quartz tube. This converted all organic carbon in the sample to CO5. The
sample CO, was cryogenically recovered and converted to graphite by
Fe/Zn reduction. All sample processing was accompanied by a mixture
of background and known-age standards to quantify and correct for any
carbon contamination. Sample graphite was measured by Accelerator
Mass Spectrometry (AMS) at either the SUERC AMS laboratory, East
Kilbride, UK, or the Keck Carbon Cycle Accelerator Mass Spectrometry
Facility at the University of California, Irvine, USA. Full details of the 1*C
measurement procedure are contained in Ascough, et al. [40]. To ensure
direct comparability between measurements from the two facilities, all
analyses were calibrated against the same set of international standard
reference materials. The reported fraction modern carbon (F'4C) values
include the +16 total analytical uncertainty, propagated from counting
statistics, standard calibration, and background corrections (Table S2).

All 14C results are reported as Flc according to Reimer, et al. [41].
Radiocarbon values quantitatively discriminate modern biogenic carbon
and fossil-derived carbon in aerosols in a two-component model.
Following the Gelencsér framework [42], non-fossil fractions of EC
(fnr(EC)) and OC (fnp(OCQ)) are derived from Egs. (1) and (2), with fossil
fractions of EC and OC (fpr(EC) and frr(OC)) calculated via mass balance
(Egs. (3) and (4)).

F*C
fNF(EC) :fNFA EC(Ref) (1)
F*C
fe(0C) :fNF. oc(Ref) @
fFF(EC) =1 —fNF(EC) 3
fFF(OC) =1 _fNF(OC) (©)]

For EC, biomass burning is presumed the sole non-fossil source,
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yielding a reference fyr(EC) of 1.10 &+ 0.05 in Eq. (1). More details on
the estimation of the reference value have been reported previously [43,
33, 44-46]. For OC, the reference fyr(OC) in Eq. (1) is computed by Eq.
(5), incorporating contributions from biomass burning (fu, vp = 1.10
+ 0.05) and biogenic source (fy, bio = 1.023 + 0.015) [43].

fr, oc(Ref) = pob X fir, bb +Pbio X S, bio 5)

Here, ppp and ppj, denote the proportions of biomass burning and
biogenic sources, and range from 0 to 1 [47]. To quantify the sensitivity
of fr, oc to the ppp, we carried out a systematic sensitivity test. By
varying ppp incrementally from O to 1 in steps of 0.01 (correspondingly,
Dbio=1-ppb) and substituting these values into Eq. (5), we calculated fyr,
oc.- Results indicate that the calculated fyr, oc varies linearly between
1.023 (when ppp=0, i.e., entirely biogenic sources) and 1.10 (when
Pob=1, i.e., entirely biomass burning). Considering the dominant emis-
sion characteristics of each season, we selected higher, medium, and
lower py;, values to calculate the specific fyr, oc for winter, pre-monsoon,
and post-monsoon periods, which are 1.024, 1.044, and 1.092,
respectively.

2.3. Carbonaceous aerosol source apportionment based on Extended
Gelencser (EG) method

This study employs a '*C-constrained source apportionment to
determine non-fossil (ECyg) and fossil-derived EC (ECgg), as well as OC
from non-fossil (OCyr) and fossil sources (OCgg), using Eqs. (6)—(9).

ECNF:fNF(EC) xEC (6)
ECyr = EC— ECyp @
OCyr = fur(OC) x OC (®
OCFF - OC — OCNF (9)

The extended Gelencsér (EG) method further quantifies primary and
secondary OC contributions from fossil sources (POCgg, SOCpp), as well
as from OC from biomass burning (OCgp) and cooking emissions (OCck)
of non-fossil primary sources (Eqgs. (10)-(15)). Here, the biomass
burning broadly refers to the combustion process of all modern biomass
fuels, including wood, straw, cow dung pellets, and similar materials. It
should be clarified that the *C method cannot directly distinguish
cooking emissions from other non-fossil sources, as carbon from both
originates from modern biomass and exhibits identical 1*C characteris-
tics. Within the EG methodology framework of this study, OCcx is
indirectly derived through a difference method (Eq. (15)). Conse-
quently, OCcx represents the residual fraction of POCyr unexplained by
biomass burning, primarily attributable to cooking activities but
potentially including other unidentified minor modern primary carbon
sources. This methodology has been thoroughly validated and demon-
strated to be feasible in our previously published work [48].

POCgr = ECgr x (OC/EC)ip in (10)
SOCgr = OCgr — POCgr an
POCyz = ECng X (OC/EC) g 1in 12
SOCnr = OCyr — POCyg 13)
OCpg = LG X fhiofuels X (OC/LG)piofuels a4+
OCckx = POCyr — OCpp (15)

2.4. Comparing with positive matrix factorization (PMF) results

Positive Matrix Factorization (PMF) has been extensively applied in
urban particulate matter source characterization studies [49-52].
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Consequently, the present findings were compared with source appor-
tionment results derived from PMF modelling to validate and discuss the
performance of the EG method within complex urban environments.

For the IITD site, PMF source apportionment results based on offline
PM, 5 samples (including ions, EC/OC, metals and molecular tracers;
Srivastava, et al. (2025)) will be detailed in a separate publication
(Srivastava et al., in preparation). At the IGDTUW site, a High-
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS)
was used for continuous monitoring of the composition of non-
refractory submicron aerosols (PM;), including organics, nitrate, sul-
fate, ammonium, and chloride. The raw AMS observation dataset is
publicly accessible via the Centre for Environmental Data
Analysis (CEDA) (https://catalogue.ceda.ac.uk/uuid/5631c55a2caa4
cd2bcdf1bf75365bcc8). Combined with the PMF model, the un-
certainties in factor profiles and contribution estimates were rigorously
assessed using a bootstrap method with iterative rotation, and the results
are detailed in the studies by Cash, et al. [53] and Reyes-Villegas, et al.
[54].

3. Results
3.1. Overadll characteristics of OC and EC

Severe fine particulate pollution was observed at both IITD and
IGDTUW sites during the sampling campaigns. At IITD, the measured
PM, 5 concentrations (including both daytime and nighttime samples)
ranged from 100.2 to 233.0 pg-m >, 35.6-250.8 pg-m >, and 89.7-294.1
pg-m > during winter, pre-monsoon and post-monsoon campaigns.
IGDTUW exhibited even higher pollution levels, with PMjy 5 ranging
146.5-269.3 pg-m’g’ (winter) and 153.5-347.7 pgm’3 (post-monsoon),
all 10 times more than the World Health Organization’s recommended
daily limit of 15 pg-m~3 [55].

Carbonaceous aerosols dominated PMys composition, with the
combined mass of organic carbon (OC) and elemental carbon (EC)
contributing 35 % (winter), 40 % (pre-monsoon), and 42 % (post-
monsoon) at the IITD site. The concentrations of OC and EC averaged
38.8 + 8.4 pg-m > and 13.6 + 3.4 pg-m >, 41.6 + 18.7 pg-m " and 8.8
+ 3.5 pg-m >, and 61.7 = 13.0 pg-m 3 and 14.8 + 4.6 pg-m > during
the winter, pre-monsoon and post-monsoon campaigns, respectively
(Fig. 1a). At IGDTUW, OC and EC together accounted for 32 % and 47 %
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of PMy 5 mass during the sampling campaigns, with average concen-
trations of 49.9 + 9.7 pg-m~> and 15.9 + 4.8 pg-m~> during winter, and
86.1 + 25.3 pg-m > and 19.7 + 5.7 pg-m > during post-monsoon cam-
paigns. Diurnal variation data (Fig. 1b) revealed the average OC and EC
concentrations at the IITD site were 45.9 4 13.2 pg-m > and 10.4 + 2.9
pg-m~ during the daytime, and 50.3 + 20.8 pg-m~> and 14.7 + 5.2
pg-m~° during the nighttime, respectively. At IGDTUW, OC and EC were
60.3 +12.1 pg'm~> and 15.5 + 4.2 pg-m > during daytime, and 76.4
+ 34.4 pg-m~° and 20.3 + 5.9 pg-m° at night. More detailed temporal
variations are shown in Figs. S4-S5.

3.2. Fossil and non-fossil sources of EC and OC based on radiocarbon
(¢ 1 4C) analysis

Fig. 2 presents the temporal patterns in fossil and non-fossil fractions
(fer, fup) of EC and OC. At IITD (Fig. 2a-d), fossil fuel fractions are
relatively consistent across seasons, with fgr(EC) and fpr(OC) averaging
66 % and 63 % during the winter campaign, 62 % and 60 % during the
pre-monsoon, and 63 % and 62 % during the post-monsoon campaign.
Diurnal variations showed slightly higher nighttime values (66 % for EC;
64 % for OC) compared to daytime (62 %; 61 %). At IGDTUW
(Fig. 2e-h), winter fossil fractions averaged at 66 % (EC) and 64 % (OC),
with post-monsoon values at 66 and 66 % for EC and OC. Nighttime
frr(EC) and frr(OC) were 71 % and 70 %, higher than that at IITD.
Daytime values (62 % for EC; 60 % for OC) are comparable to IITD
observations but remained lower than nighttime concentrations.

14C-based source apportionment results for carbonaceous aerosols
are presented in Fig. S6. Fossil fuel OC was the dominant contributor to
total carbon, followed by OCnp, ECpr, and ECnr across all sampling
campaigns. At IITD, the contribution of OCpr was 50 % during post-
monsoon period, slightly higher than during winter and pre-monsoon
campaigns (47 % and 48 %). Peak OCyr contributions were observed
during pre-monsoon (34 %), higher than that during the winter
campaign (27 %). ECgr was 17 %, 11 %, and 12 % during winter, pre-
monsoon and post-monsoon campaigns, respectively. Biomass-related
ECnr remained relatively stable (7-9 %), which is highest during the
winter campaign. Fossil fuel contributions at IGDTUW were enhanced
during the post-monsoon campaign (OCgg: 53 %, ECpg: 14 %) compared
to winter measurements (OCgp: 51 %, ECpg: 13 %). Conversely, non-
fossil fuel OC and EC were slightly higher during the winter (29 %

a -~ Winter Pre-monsoon Post-monsoon Winter Post-monsoon
€ 120 | a s T
= 5ol | P s | g
c . - H H H
faolam | = & |-
% 5 - o=y | = ! - ==
S OC|EC|OCc|EC|OC|EC|OC | EC|OC/|EC
(@]
© TD IGDTUW

b 140 . . .
@ 1201 Day i Night i Day i T Night
§1gg- : i b
2 801 VT : i
= 604 ' : H
5 0] =3 == == S
B 28- . B == | =
5 oc | Ec | oc | Ec | oc | EC | oc | EC
§ IITD IGDTUW

Fig. 1. Statistical characterization of OC and EC concentrations during the sampling campaigns. The boxes denote the interquartile range (25th-75th percentiles).
The lower and upper limits of the whiskers indicate the standard deviation. The solid lines in the middle of the box represent the median. The hollow dots present the
average values. Panel a demonstrates the seasonal trends of OC and EC at both sites, while panel b illustrates the diurnal variations of OC and EC at the two sites.
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Fig. 2. Temporal variations in fossil (fgr) and non-fossil (fyr) fractions of EC and OC. Panels a-d display seasonal and diurnal trends at IITD site, while panels e-h
show comparable data for IGDTUW. The columns in a, b, e, f represent daytime measurements, and the columns in ¢, d, g, h are displayed during nighttime.
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Fig. 3. Source-resolved OC contributions (%) from POCgr, SOCrr, SOCnr, OCpp, and OCck. Panels a—c represent the source contributions during winter, pre-monsoon,
and post-monsoon campaigns at the IITD site. Panels d—e represent the source contributions during winter and post-monsoon campaigns at the IGDTUW site. The
contributions from fossil and non-fossil fuel sources are further categorized as POCgr (primary organic carbon from fossil fuels), SOCgr (secondary organic carbon
from fossil fuels), SOCyr (secondary organic carbon from non-fossil fuels), OCgp (biomass burning organic carbon), and OCck (cooking-derived organic carbon).
Notably, OCgp and OCck together constitute POCyr (primary organic carbon from non-fossil fuels) [48].
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and 7 %) than during the post-monsoon campaign (27 % and 6 %).

3.3. Fossil and non-fossil sources of POC and SOC

Fig. 3 illustrates the relative contributions of POC and SOC using the
Extended Gelencsér method (EG) method, revealing distinct seasonal
and site-specific source patterns. Overall, fossil-derived primary OC
(POCgr) consistently remained the dominant contributor to OC, ranging
from 31 to 42 % at IITD site (Fig. 3a—c) and 40-44 % at IGDTUW site
(Fig. 3d—e). Fossil-related secondary OC (SOCgf) accounted for 21-29 %
at IITD and 21-24 % at IGDTUW, which aligns with observations from
Chinese megacities [56-58]. Non-fossil secondary OC (SOCyg) also
constituted a notable proportion, contributing 13-23 % at IITD and
11-21 % at IGDTUW. Furthermore, OCgp contributed 10-18 % distin-
guished via the EG method, while OCck remained a minor source, ac-
counting for only 3-7 % (see Text S2 for details).

Seasonal analysis at the IITD site showed that the mean contribution
of POCpr was highest during the post-monsoon period (concentration:
29.90 pg-m 2, accounting for 42 % of total sources), higher than that
during the winter (37 %, 16.99 pg-m™~>) and pre-monsoon campaigns
(31 %, 11.45 pg~m_3) (Fig. 3a—c). The corresponding contributions for
SOCgr peaked in pre-monsoon (29 %), with winter and post-monsoon
contributions at 26 % and 21 %, respectively. SOCyr exhibited a
similar trend, contributing most during the pre-monsoon period (23 %),
followed by winter (17 %), and least in the post-monsoon period (13 %).
OCgp contributions remained relatively stable, with 14 % in both winter
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(6.45 pg-m~>) and pre-monsoon (5.38 pg-m~>), rising slightly to 17 %
post-monsoon (13.53 pg~m_3). OCck maintained low levels across all
seasons (3-7 %, with concentrations of 2.75 pg-m~ in winter, 1.76
pg-m’3 pre-monsoon, and 6.26 pg-nf3 post-monsoon). At the IGDTUW
site (Fig. 3d—e), POCgr contributed most during the post-monsoon period
(44 %, 40.61 pg-m~>), compared to 40 % in winter. SOCgr was slightly
higher in winter than (24 %) than post-monsoon campaign (21 %).
SOCnr showed pronounced seasonal differences, contributing 21 % in
winter but only 11 % during the pre-monsoon campaign. Among pri-
mary non-fossil sources, the average contribution of OCgg was higher
during the post-monsoon (18 %, 14.55 pg-m’3) than in winter (10 %,
5.02 pg-m~>). OCck showed minimal seasonal variation, remaining at
5% and 6 % (2.64 pg-m~° in winter and 4.92 pg-m° in the post-
monsoon period).

4. Discussion
4.1. Validation and discussion of 1*C-based source apportionment results

This study employed the '*C-based EG method and PMF model to
analyze the sources of OC in PMj; 5 at two sites (offline data for IITD site,
and AMS data for IGDTUW site). Although the two methods differ
inherently in principle and measurement, they proved to be effectively
complementary and mutually verifiable. By evaluating their key find-
ings and discrepancies, the capability of the *C method in dis-
tinguishing between fossil and non-fossil carbon contributions can be
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Fig. 4. Correlations of OCyr and OCgp source contributions (unit: pg~m’3) obtained using the extended Gelencsér method (EG) and PMF method (offline chemical
composition at IITD and AMS at IGTUW) during sampling. Here, EG-resolved contributions are labelled as OCyr-EG and OCpp-EG, while PMF-derived values are
denoted OCnp-PMF and OCp-PMF, respectively.
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further revealed, thereby deepening the understanding of pollution
formation in Delhi. The PMF model resolved sources including crop
burning, cooking, industrial chloride emissions, solid waste burning,
dust, secondary inorganics, solid fuel combustion, industrial activities,
plastic related aerosols, and transport (Materials and methods). Among
these, the PMF-resolved sources of industrial activities, plastic related
aerosols, solid fuel combustion, and transport were categorized as
POCgr, cooking as OCck, and crop burning as OCgp. The seasonal
(winter, pre-monsoon, post-monsoon) contributions of OC sources
resolved by PMF at the two sites are detailed in Table S5.

Overall, the two methods showed well correlation (correlation co-
efficient >0.8) in quantifying contributions of non-fossil organic carbon
(OCnp) and fuel-derived organic carbon (OCgp) to PMs 5, but significant
differences were observed at the individual sample level (Fig. 4). At the
IITD site, the OCyr contribution resolved by PMF was on average 1.2
times that of the EG method (range 0.5-3.0 times), while the OCgg
contribution was on average 0.8 times (range 0.6-2.4 times). At the
IGDTUW site, the results from the two methods were more consistent,
with the average OCyr and OCgr contributions resolved by PMF both
being 0.9 times those of the EG method, with ranges between 0.8-1.7
times and 0.8-1.8 times, respectively.

Further comparison of specific sources revealed that the primary
fossil OC (POCgp) contribution quantified by the PMF method was
generally systematically higher than that by the EG method (Fig. 5). At
the IITD site, the POCgp-PMF contribution was 1.2-3.6 times that of
POCpp-EG; at the IGDTUW site, this ratio ranged from 0.9 to 1.3. For
OCcg, the seasonal trends quantified by the two methods were similar,
with relatively stable contributions. The contribution values ranged
from 3 to 7 % at the IITD site and 5-6 % at the IGDTUW site (Fig. 5),
reflecting the persistence and spatial uniformity of residential emissions
[59]. Although the OCcx contribution derived by the PMF method was
slightly lower, this may relate to its difficulty in fully separating traffic
and cooking emissions [60-62]. For OCpg, the two methods yielded
relatively consistent estimates during winter and the pre-monsoon sea-
son. However, during the post-monsoon season, the PMF results were
significantly higher than those from the EG method, exceeding them by
2.1 times and 1.7 times at the IITD and IGDTUW sites, respectively
(Fig. 5).

The quantitative differences described above stem from the distinct
methodological characteristics and inherent uncertainties of the two
approaches [63, 64]. The uncertainty of the EG method primarily relies
on the selection of key parameters [65-67]. The quantification of POCgg
is sensitive to the chosen (OC/EC)gf, min ratio, which may vary with
different fossil fuel combustion processes and seasons. The derivation of
OCpp is highly dependent on specific OC/levoglucosan ratio, which
shows significant differences depending on fuel type (e.g., wood vs.
straw) and combustion conditions [48]. This study assumed a simplified
scenario dominated by wood/straw mixtures (Fig. S3, Table S4), yet this
can still introduce uncertainty into the OCgp calculation. Furthermore,
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the limited sample during the pre-monsoon period may have affected
the comparative results for this season.

The uncertainties associated with the AMS-PMF technique manifest
in several aspects. The PMF resolution process involves subjectivity,
particularly in factor identification and interpretation [8], which may
account for the considerable variability in results at the IITD site and the
potential overestimation of POCgg. For the IGDTUW site utilizing AMS
data, uncertainties in the relative ionization efficiency (RIE) and
collection efficiency (CE) affect quantitative accuracy [68]. More
importantly, AMS struggles to distinguish sources with similar mass
spectral characteristics. For instance, the similarity in mass spectral
signatures between cooking and vehicular emissions [60-62] may lead
to some OCcy being misattributed to the POCgg factor. Furthermore, the
similarity in mass spectra between biomass burning organic aerosol
(BBOA) and various types of oxidized organic aerosol (OOA) may lead to
factor misallocation during PMF analysis [63, 69, 70], which could
partly explain the significant discrepancy in OCgg during the
post-monsoon season. Systematic differences between the two methods
also include variations in particle size cutoffs (AMS targets PM;, whereas
14C analysis targets PMa 5).

4.2. The dominant contribution of fossil fuel and its spatial-temporal
variations

Fossil fuel combustion has been identified as the dominant source of
OC and EC in Delhi (Fig. 2). Spatial monitoring data indicates that at
IITD site, fossil fuel contributions averaged ~65 % for EC and ~60 % for
OC, whereas IGDTUW recorded slightly higher values, around 70 % for
both species. This spatial variation is primarily attributed to differences
in local emission source characteristics and microenvironmental factors.
The IGDTUW site is situated in a high-density urban area and hosts
various fossil fuel combustion sources, such as vehicular traffic and
commercial activities, which are the dominant contributors to EC and
OC production at this location [71]. Conversely, IITD might be influ-
enced by mixed sources, including regional transport and lower traffic
density [72], resulting in slightly lower fossil source signatures. These
findings align with broader observations that urban infrastructure and
emission hotspots drive spatial variability of EC and OC in megacities
[73, 48]. Notably, IGDTUW’s proximity to major traffic networks, with
heavy vehicular traffic further amplifying fossil fuel combustion emis-
sions, is significant as diesel generators and heavy-duty vehicles are
known emitters of high EC [74]. These results emphasize the importance
of implementing localized emission controls strategies tailored to
site-specific source characteristics.

On a temporal scale, both sites observed clear diurnal variations in
fossil fuel contributions to EC and OC, with consistently higher night-
time contributions (Fig. 2). Specifically, at the IITD site, the nighttime
frr(EC) was 66 % (ECpp=11.4 pg-m’3), which decreased to 62 % during
the daytime (ECpp=7.3 pg-m °). At the IGDTUW site, the nocturnal

b IGDTUW site
50
o I Winter
= 1 Post-monsoon !
g O PMF
2
s 30+
=
2
£ 20
9]
o
8 10
3
w
Jomm 1K
OCox OCqs POCr

Fig. 5. Comparison of the OCck, OCpp, and POCgy source contributions (unit: pg~m’3) derived by EG method (coloured bars) and PMF method (diamonds) based on

identical sampling periods.
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fr(EC) reached as high as 71 % (ECpp=13.1 pg-m~>), while it similarly
dropped to 62 % during the day (ECgp=9.0 pg-m~>). The concentrations
of OCpr also exhibited the same trend, with significantly higher
nocturnal concentrations (IITD: 34.2 pg-m >; IGDTUW: pg-m >)
compared to daytime levels (IITD: 30.5 pg-m~>; IGDTUW: pg-m~>). The
persistent daytime contributions may be primarily attributable to traffic
activity and potential industrial emissions [75]. The marked increase in
the proportion of fossil fuel contributions at night likely indicates a shift
in source emission mechanisms or intensities [56]. A plausible hypoth-
esis for the marked increase in fossil fuel contributions at night is the
local traffic regulation that restricts heavy-duty vehicles (HDVs, pre-
dominantly diesel-powered) from entering the city center during day-
time, potentially concentrating their activity during nighttime hours
[76,77,57]. Furthermore, the elevated contribution of ECg in winter (e.
g., 17 % at IITD site) is likely associated with increased diesel generator
usage [78-80] and incomplete fuel combustion under lower tempera-
tures [81]. In addition to changes in emission sources, meteorological
conditions like nocturnal boundary layer compression may significantly
elevate ambient concentrations by limiting pollutant dispersion
[82-84].

In contrast to some isotopic studies in South Asia [85, 86], our
research observed a higher contribution from OCgg than from ECgg. The
discrepancy primarily stems from differences in the study region and
atmospheric processes. Our study focuses on the urban area of Delhi,
characterized by intensive fossil fuel consumption and complex emission
sources, including heavy-duty diesel vehicles, coal combustion, and in-
dustrial activities [22, 23]. These sources emit not only EC directly but
also substantial amounts of fossil-derived primary OC (POCgg), ac-
counting for 31-44 % of total OC (Fig. 3). More importantly, under
Delhi’s highly polluted conditions, secondary organic carbon (SOCgg)
formed from the photochemical oxidation of fossil precursors contrib-
utes significantly, representing 21-29 % of OC, thereby substantially
increasing the total OCgr. In comparison, studies at regional background
sites typically sample aged air masses after long-range transport, during
which volatile components may be lost or transformed, resulting in a
fossil fuel signal more concentrated in stable EC.

In summary, the findings of this study highlight that intense local
emissions coupled with active secondary formation processes are key
drivers behind the high-OC characteristic of fossil fuel contributions in
the heavily polluted core of a megacity.

4.3. Lower than expected role of biomass burning

Although multiple studies focusing on northern Indian regions (e.g.,
Punjab, Kanpur, Rohtak, Mohali) have highlighted biomass burning as a
dominant source of total carbonaceous aerosols [87-91], this study
observed that OCgg accounted for 10-18 % of OC in Delhi (Fig. 3). This
conclusion aligns with findings from Srivastava, et al. (2025). During
peak burning seasons (winter and late monsoon), OCpp contributions
showed only slight increases without significant growth (e.g., 14 % in
winter and 17 % in the post-monsoon period at the IITD site). This is
primarily attributed to the strong and seasonally intensified fossil fuel
emissions in Delhi. Under unfavorable meteorological conditions, such
as lower mixing layer height and reduced wind speed [23], the con-
centrations of fossil-derived OC (particularly POCgg) from local traffic,
heating, and industrial emissions increase substantially, diluting the
relative growth in OCpg contribution. Furthermore, the weak correlation
between OCpp and PMj 5 shown in Fig. S7 indicates that OCgp is not the
dominant driver of severe haze events.

Nevertheless, this result contrasts with multiple receptor modelling
studies (Table S6) that identify biomass burning as a primary source of
Delhi’s PMy5 [92, 26, 93, 94]. The discrepancy likely stems primarily
from methodological differences in source apportionment. Receptor
modelling is susceptible to subjective influences and may misattribute
other sources to OCgg [8]. Moreover, OCgg calculations based on LG (Eq.
(14)) are sensitive to biomass fuel type, inevitably introducing

Journal of Hazardous Materials 504 (2026) 141289

uncertainty. For instance, studies demonstrate that wood combustion
yields higher OC/LG ratios than crop straw, potentially leading to un-
derestimation of OCgg when mixed fuels dominate [48]. However, in
this study, the contribution of non-fossil carbon is directly constrained
by 'C data, thereby confining OCgp within a reasonable range and
avoiding potential biases associated with relying solely on the OC/LG
ratio. Under these constraints (Table S4), both OCgg and OCck obtained
via the difference method yield reasonable physical interpretations,
enhancing the robustness of the results.

In summary, although the contribution of biomass burning was lower
than anticipated, the elevated OCgp levels still coincided temporally
with the peak straw-burning period. This indicates that regional biomass
burning events continue to exert a discernible impact on urban areas.

4.4. Seasonal dynamics of secondary aerosols and potential driving
factors

The source apportionment results obtained using the EG method
reveal distinct seasonal patterns in SOC. Specifically, SOCyr exhibits its
highest contribution during the pre-monsoon period (accounting for
23 % of OC), while SOCgr shows a significantly higher contribution in
winter (24-26 %) compared to the post-monsoon period (11-13 %). At
the IGDTUW site, the contribution of SOCpr remains relatively stable
across seasons (21-24 %). It should be noted that this study did not
involve specialized model simulations or flux measurements of SOC
formation processes (such as oxidation rates or gas-particle partitioning
coefficients). Therefore, the following mechanistic explanations for the
observed seasonal patterns are reasonable inferences based on the
observational data and established atmospheric chemistry knowledge.

The peak in SOCyf during the pre-monsoon season potentially linked
to higher temperatures, stronger solar radiation, and enhanced emis-
sions of biogenic VOCs during this period [95]. The elevated contribu-
tion of SOCpr in winter can be explained through atmospheric
physicochemical processes. Low-temperature environments typically
enhance the gas-particle partitioning efficiency of semi-volatile organic
compounds, thereby promoting their conversion to particulate matter
[96]. In contrast, the contribution of SOCgpr remained relatively stable
across seasons, potentially reflecting distinct precursor sources
compared to SOCyp. Fossil-derived VOCs primarily originate from
relatively stable emission sources such as transport, exhibiting minimal
seasonal fluctuations in emission fluxes. Consequently, their secondary
formation processes are governed more by factors with smaller relative
variations, such as oxidant concentrations [97, 98], rather than being
significantly influenced by direct meteorological conditions like their
biogenic precursors.

Future research integrating high-resolution meteorological obser-
vations, precursor measurements, and photochemical models would
help quantitatively verify these processes and clarify the relative
importance of each contributing factor.

5. Conclusion and implication

This study employs radiocarbon isotope analysis to provide key
constraints on the sources of carbonaceous aerosols in Delhi, quantita-
tively revealing the spatiotemporal distribution characteristics of fossil
and non-fossil contributions. The results indicate that fossil fuel com-
bustion substantially contributes to carbonaceous aerosols in Delhi,
accounting for 62-65 % of OC and 64-66 % of EC. Among these, POCgg
is the most important single component, constituting 31-44 % of OC and
exhibiting a pronounced concentration peak during the late monsoon
period. The finding confirms the dominant role of fossil fuels in Delhi’s
air pollution and their seasonal dynamics, providing critical scientific
evidence for formulating targeted sectoral emission reduction strategies
in this megacity.

The study further compares the results of the EG and PMF methods.
Although both methods are consistent in identifying the overall trends of
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major OC sources (fossil and non-fossil), differences exist in the quan-
titative contributions of specific sources (e.g., POCpr and OCgp). These
differences reflect the respective strengths and limitations of the two
approaches. The EG method based on radiocarbon offers a more direct
and objective in distinguishing fossil from non-fossil carbon, but its re-
sults depend on the selection of key parameters. The PMF method can
resolve more detailed source categories, but its results are susceptible to
the influence of model assumptions and the subjectivity of factor iden-
tification. Therefore, in complex emission environments like Delhi, the
combined application of both methods alongside a careful assessment of
their uncertainties is crucial for precise source tracing.

Our study indicates that while biomass burning control remains
essential (e.g., OCpp alone exceeds WHO PM, 5 annual average guide-
lines), fossil fuel combustion should be prioritized as the primary target
for emissions reduction in Delhi. Particularly given that the data
collection occurred in 2018, prior to the nationwide shift from BS-IV to
BS-VI fuel and vehicle emission standards in 2020, these findings pro-
vide a valuable pre-policy baseline for evaluating the effectiveness of
such policy interventions aimed at reducing motor vehicle emissions.
Future studies applying carbon isotope or radiocarbon-based methods
post-2020, will be crucial to examine whether the contribution of fossil
fuel-related PM5 5 has declined post-intervention.

In summary, the innovation of this study lies in achieving a refined
quantitative estimation of pollution source contributions through iso-
topic constraints. It not only clarifies the central role of primary emis-
sions from fossil sources but also suggests that traditional methods may
tend to overestimate the contribution of biomass burning. These insights
reinforce the priority of pollution control pathways centered on energy
transition and key industry upgrades, providing solid scientific support
for effectively reducing carbonaceous aerosol loads and improving air
quality.

Environmental Implication

This study underscores fossil fuel combustion (e.g., from traffic or
power plants) as the dominant contributor to organic carbon in Delhi’s
PM, 5 through radiocarbon-based source apportionment, revealing
higher contributions than previous estimates, particularly post-
monsoon. The findings highlight that prioritizing fossil fuel control via
clean energy transitions and electric mobility offers greater air quality
co-benefits than biomass burning or cooking emission interventions.
These seasonal insights provide targeted policy support for heavily
polluted megacities and establish benchmarks for evaluating future
emissions regulations. Post-2020 isotopic tracking remains essential to
evaluate fossil-derived PM reductions and refine control strategies.
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