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Mass  concentration  and  isotopic  values  �13C and 14C are  presented  for  the water-insoluble  refractory
carbon  (WIRC)  component  of  total  suspended  particulates  (TSP),  collected  weekly  during  2003,  as  well
as from  October  2005  to May  2006  at the  WMO-GAW  Mt. Waliguan  (WLG)  site.  The  overall  average
WIRC  mass  concentration  was  (1183  ± 120)  ng/m3 (n =  79),  while  seasonal  averages  were  2081  ±  1707
(spring),  454  ± 205  (summer),  650 ± 411  (autumn),  and 1019  ± 703  (winter)  ng/m3.  Seasonal  variations
in  WIRC  mass  concentrations  were  consistent  with  black  carbon  measurements  from  an aethalometer,
although  WIRC  concentrations  were  typically  higher,  especially  in winter  and  spring.  The  �13C  PDB  value
(−25.3  ±  0.8)‰  determined  for  WIRC  suggests  that its sources  are  C3 biomass  or fossil  fuel  combustion.
No  seasonal  change  in  �13C PDB  was  evident.  The  average  percent  Modern  Carbon  (pMC)  for 14C  in
t.  Waliguan (WLG) WIRC for  winter  and  spring  was  (67.2  ± 7.7)%  (n =  29).  Lower  pMC  values  were  associated  with  air  masses
transported  from  the area  east of WLG,  while  higher  pMC values  were  associated  with  air  masses  from
the  Tibetan  Plateau,  southwest  of WLG.  Elevated  pMC  values  with  abnormally  high  mass  concentrations
of  TSP  and  WIRC  were  measured  during  a dust  storm  event.

©  2015  Chinese  Society  of Particuology  and Institute  of  Process  Engineering,  Chinese  Academy  of
Sciences.  Published  by Elsevier  B.V.  All  rights  reserved.
ntroduction

Carbonaceous aerosols are usually separated into organic car-
on (OC) and elemental carbon (EC) fractions using thermal
xidation techniques. OC, oxidized at temperatures lower than
00 ◦C, is directly emitted from its primary source, or composed
f secondary organic aerosols (SOA) formed through condensa-
ion and particulate conversion of hydrocarbon gas phase oxidation
roducts. OC is also one of the main components of fine particu-

ate matter, with an aerodynamic radius less than 2.5 �m (PM2.5).
n contrast, EC is emitted during oxygen-deficient combustion of

iomass or fossil fuels, and covers a continuum from charcoal (or
har) to soot particles (Hedges et al., 2000). Its chemical and phys-
cal properties are relatively inert. Black carbon (BC) measured by

∗ Corresponding author. Tel.: +86 1058995272; fax: +86 10 62186414.
E-mail address: zhengxd@cams.cma.gov.cn (X. Zheng).

ttp://dx.doi.org/10.1016/j.partic.2014.11.003
674-2001/© 2015 Chinese Society of Particuology and Institute of Process Engineering, C
optical instruments, such as an aethalometer, is comparable with
EC in its thermal, optical, and chemical behavior.

Carbonaceous aerosols may  also be differentiated into water
soluble and insoluble types based on their water-solubilities at
a given temperature and pressure. Water-soluble organic carbon
(WSOC) constitutes a significant fraction of fine carbonaceous par-
ticulate matter, having complicated molecular compositions of
oxidized and hygroscopic materials (Novakov & Penner, 1993).
In contrast, water-insoluble carbon in aerosol particles is refrac-
tory, incorporating oxidized and hydrophobic materials like EC
and water-insoluble organic carbon (WIOC). Large aromatics (≥C9),
lignin, and cellulose are the main compounds of WIOC  (Saxena &
Hildemann, 1996).

Carbon isotope technology provides a simple but effective

method for EC and OC source apportionment. Stable 13C iso-
tope ratios are characteristic of different aerosol sources, while
radioactive 14C concentrations can differentiate modern biogenic-
derived versus fossil fuel-derived carbonaceous matters because

hinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Topographical map  of Mt.  Waliguan (WLG) showing the study site and sur-
rounding regions.
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graphite at 600 ◦C using zinc with iron, and a TiH2 catalyst in excess
hydrogen. This produces targets for 14C analysis. Procedures for car-
bon separation, purification, and target synthesis are described in
4C only exists in the contemporary biogenic-derived material
Currie, Klouda, & Cooper, 1980). Thus, 14C measurements have
astly improved our understanding of PM2.5 sources (e.g. Bench,
allon, Schichtel, Malm,  & McDade, 2007; Gustafsson et al., 2009;
eal et al., 2011; Sun, Hu, Guo, Liu, & Zhou, 2012; Szidat et al.,
004, 2006). In this study, we express 14C in percent Modern Carbon
pMC).

Mt.  Waliguan (36.287◦ N, 100.898◦ E; 3810 m AMSL; hereafter
LG) Observatory, one of 22 World Meteorological Organization-

lobal Atmosphere Watch (WMO-GAW) sites, is located on a
emote mountaintop in the northeast region of the Tibetan Plateau.
ig. 1 shows the geographical and topographical context of WLG.
he provincial capital cities, Lanzhou and Xining, are respectively
bout 270 and 90 km from WLG. It is important to explore sources
f aerosol particles at this WMO-GAW site, since it is less influ-
nced by anthropogenic pollution compared with most Asian sites.
t has been demonstrated that aerosol particles at WLG  mainly
onsist of WSOC, carbonate (CaCO3), and NH4SO4 (Li, Tang, Xue,

 Toom-Sauntry, 2000). Regional transport of air pollution from
anzhou and Xining, as well as from east China contribute to BC
evels at WLG, as reported by Tang et al. (1999). In addition, soil,
rustal material, emissions from coal burning, vehicles, and indus-
ry are identified as primary sources of aerosols at WLG  (Wen, Xu,
ang, Zhang, & Zhao, 2001). Biomass burning also is a significant
rimary source, as suggested by a correlation between BC with
O3

–, K+, NH4
+, Ca2+, and Mg2+ ions (Ma,  Tang, Li, & Jacobson,

003). Although particle size distributions suggest that air masses
rom west of WLG  are dominant at this site, regional-scale trans-
ort from the northeast, including emissions from Xining and
anzhou, frequently brings major anthropogenic pollutants with
article sizes in the Aitken mode (21 nm < dp < 95 nm)  and accumu-

ation mode (95 nm < dp <570 nm)  during summer (Kivekäs et al.,
009).

In this study, characteristics of carbon materials extracted from
otal suspended particulates (TSP) collected weekly at WLG  are
etermined. TSP samples were collected over two periods: from
ecember 25, 2002 to January 21, 2004; and from October 16,
005 to May  17, 2006. Samples were measured for 10Be and car-
on isotopes, after 7Be and 210Pb were determined without damage
o the original samples. Since samples were originally collected
or 7Be and 210Pb analysis, a special procedure (see “Experimen-
al” section), somewhat different from chemical-thermal oxidation
echniques applied to aerosol particles collected on quartz filters,

as used for extracting carbon in this study.
gy 20 (2015) 24–31 25

Experimental

Sample collection

TSP were collected using a high volume air sampler driven by
Fuji-Electric Co (Japan) pumper (Model:VFC404p-5T), with a rect-
angular filter composed of three layers of 100% polypropylene web
(Dynaweb DW7301L, 25.4 cm × 20.3 cm)  (Lee et al., 2004). A flow
rate of ca. 1.2 m3/min was  used. The sampling period was set to one
week (168 h). Although the optimal size of particles is larger than
0.4 �m,  our high volume sampling system collected TSP composed
of differently sized particles, including pollen grains with sizes
between 2.5 and 10.0 �m (Pavuluri, Kawamura, Uchida, Kondo, &
Fu, 2013). For the first sample period, only three eighths of each
filter was available for carbon extraction.

Sample pretreatments

A modified 3A (acid–alkali–acid) treatment was used to extract
carbon, similar to the procedures used to extract BC from soil
or marine sediments (e.g., Han et al., 2007; Khan et al., 2009) or
from archived aerosol filter samples (Husain et al., 2008). The first
acid treatment separates particles attached to the polypropylene
fibers. This procedure involves soaking the filter in 6 M HCl solu-
tion at room temperature for 24 h, and then the extracted insoluble
TSP materials are precipitated or floated, which are collected and
washed to pH = 7.0 with deionized water before being dried. Dur-
ing the alkali treatment, these insoluble particles are soaked in 1 M
NaOH solution at room temperature for 24 h. This removes humic-
like substances from solids. The residues are collected by filtration,
and washed to pH = 7.0 with deionized water prior to being dried for
the last acid treatment. The final treatment eliminates any possible
secondary carbonate produced in the first two treatments.

After these treatments, the dried residue is placed in a Vycors®

combustion tube packed with pre-heated CuO and silver wire.
The combustion tube is held under vacuum conditions with pres-
sure around 1 × 10−3 hPa for 3 h, before being sealed by liquefied
gas-oxygen flame welding. Thus, all volatile and semi-volatile
organic substances are removed, leaving only stable recalcitrant
carbonaceous matter. Although the attributes of this carbonaceous
material are similar to BC chemically extracted from soil or marine
sediments (e.g. Khan et al., 2009), we  prefer to use the term water-
insoluble refractory carbon (WIRC) because of the differences in
its extraction method compared with traditional methods used for
quartz or Teflon-filters.

Conversion to CO2 and graphite target synthesis

The sealed tube of WIRC is combusted at 860 ◦C for 2 h in a muf-
fle oven, and the carbon-containing gases evolving from the residue
are converted to CO2. The CO2 is released into a cracker tube under
vacuum conditions to determine the mass concentration of WIRC
using CO2 partial pressure measurements. The CO2 is introduced to
a dry ice ethanol-trap to eliminate water vapor, before it is cryo-
genically trapped using a liquid N2 trap. The trapped CO2 is divided
into two  parts: one is sealed in a tube for 13C measurement, and the
other is reintroduced into the dry ice ethanoland liquid N2 traps 2–3
times to obtain more purified CO2. This purified CO2 is converted to
the literature (Ding et al., 2010; Shen et al., 1999).
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Table 1
Uncertainty investigations of WIRC mass concentration, �13C PDB, and 14C pMC.

Known Estimated Unknown

Mass conc. ∼±5% Volume calculation
∼±5%, or >±5% in the
summer–autumn
2003;
∼20% WIRC loss during
the chemical extraction
procedures

Kerogen
contribution;
cutting of filter

�13C PDB ∼±0.2‰ Kerogen
contribution

14C pMC  ∼±1% Correction factor As for �13C PDB
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∼3 ± 6%

3C and 14C measurements

13C is expressed as value of �13C, i.e., the ratio 13C/12C in the
ample compared with that in the international standard Pee Dee
elemnite (PDB), as given by:

13C =
[

13C/12Csample
13C/12Cstandard

− 1

]
× 1000 ‰ . (1)

In this study, �13C was determined by a Finnigan Model-251
ass spectrometer (Thermo Electron Corporation, USA). For each

ample, duplicate analyses were performed. A �13C value was only
ccepted, when its difference from its replicate was less than 0.1‰.
nalysis of blank filters provided a filter blank correction in terms
f absolute values, which amounted to ±0.2‰ on average.

14C is expressed as the fraction of modern carbon (pMC), which
s determined by comparing the observed 14C content in the sample

ith that in a standard, as defined below:

MC  = (14C/12C)sample

0.95(14C/12C)OXI
× 100%, (2)

here (14C/12C)OXI is the ratio for the US-NIST oxalic acid standard
 (NBS OxI). The ratios of 14C/12C in our graphite targets were mea-
ured by an updated NEC Compact Accelerator Mass Spectrometry
AMS; National Electrostatics Corporation, WI,  USA), with sensitiv-
ty less than 6 × 10−15 and accuracy better than 1.0% at the Peking
niversity (Liu et al., 2007). The AMS  calibration suggests that the
alue for a blank is 0.4–0.5% (Sun et al., 2012).

Because of above-ground nuclear testing before the 1960s,
xcessive ambient 14C from bomb tests must be corrected. For
iogenic emissions, a value of 1.04 was used by Levin, Hammer,
romer, and Meinhardt (2008). Szidat et al. (2009) recommended a
atio of 1.16 for 30–50-year old trees. A factor of 1.08 was  proposed
y Bench et al. (2007), and also was adopted for PM2.5 samples col-

ected at a rural site in Beijing (Sun et al., 2012). In this study, we use
 factor of 1.1, which was the pMC  value for TSP collected at Lhasa
Huang et al., 2010). This allows pMC  values to be easily compared
etween WLG  and Lhasa, since they were determined by similar
ethods, except that quartz and Teflon filters were used in Lhasa

Huang et al., 2010).

ncertainty of the data

Table 1 presents a summary of measurement uncertainty in
ur study. Known uncertainty caused by instrument precision was
stimated from public references, that is, uncertainties for mass
oncentration, �13C PDB, and 14C pMC  were ±5% (Shen et al., 1999),

0.2‰ (Ding et al., 2010), and ±1% (Liu et al., 2007), respectively.

Highest uncertainty was  for mass concentration. There were at
east three sources of uncertainty for WIRC mass concentration:
i) sample volume estimation; (ii) loss of TSP in pretreatment
gy 20 (2015) 24–31

procedures; and (iii) the influence of kerogen on the insoluble
organic material fraction. During a 7-day sampling period, the
record of flow-rate was  too sparse to evaluate accurate sample
volumes. This contributes to an uncertainty of about ±5%. This
uncertainty was  greater when volumes were low from summer to
autumn of 2003 (Table 2). Another issue with volume estimation
is that the sample filter was  cut, and only 3/8 of a sample was used
for carbonaceous extraction for the first 56 samples. Large volume
differences occurred between the first 56 and the later 29 samples
(Tables 2 and 3). Contributions to uncertainty also were related to
pretreatment practices. After the first acid treatment, the surface
of the discarded polypropylene filter was  still stained, indicating
that some fine carbonaceous particles embedded in the filter were
unrecoverable. The total recovery efficiency is roughly estimated
to be 80%, much lower than for ZnCl2-dissolution methods for
Whatman 41 filters ((93 ± 4)%) described by Li, Khan, and Husain
(2002). Fortunately, carbon isotope analyses are not overly influ-
enced by small losses of WIRC (e.g., Bench et al., 2007). Kerogen
in the aerosol samples can be removed using K2Cr2O7 + H2SO4
during the pretreatment (e.g., Husain et al., 2008; Khan et al.,
2009). This separation procedure was  not carried out in this study,
since we envisaged that it would be a positive input for WIRC mass
concentration and a negative one for pMC  values.

The correction factor applied in Eq. (2) introduces additional
uncertainty for pMC  values. The factor of 1.1 used in this study
introduces at least (3 ± 6)% uncertainty, if the recommended factor
of 1.08 ± 0.06 is used as a baseline (Bench et al., 2007; Heal et al.,
2011; Sun et al., 2012).

Results and discussion

Mass concentration

Highest TSP mass concentrations, with more than 50 �g/m3,
occurred in winter and spring samples (Tables 2 and 3). In the
moist summer to autumn period, TSP concentration also was typ-
ically higher than 5 �g/m3. These values are much higher than
background TSP levels at other GAW sites, such as Jungfraujoch
in the Swiss Alps (Collaud Coen et al., 2004) or Alert in the Arctic
(Kuhn, Damoah, Bacak, & Sloan, 2010), where TSP concentrations
are around 0.8 �g/m3 and 0.05–3 �g/m3, respectively. These com-
parisons suggest a highly TSP-laden background signal exists at
WLG.

Mass concentrations of WIRC were also high at WLG. The
overall mean mass concentration was (1183 ± 120) ng/m3 (n = 79).
While seasonal mean concentrations were 2081 ± 1707 (n = 24,
spring), 454 ± 205 (n = 11, summer), 650 ± 411 (n = 17, autumn),
and 1019 ± 703 ng/m3 (n = 27, winter). The relatively low WIRC
concentrations in summer to autumn are related to frequent occur-
rences of cloud or fog that permits aged aerosol particles to be wet
and scavenged (rained out) on the mountaintop. In addition, abun-
dant precipitation directly washes out aerosol particles in WLG  and
its surrounding regions. These removal processes create a shorter
residence time for near surface aerosol particles at this site. In the
contrast, low amounts of precipitation during the dry winter to
spring period results in buildup of higher mass concentrations of
TSP, as well as WIRC.

The overall mean WIRC/TSP ratio was  (2.25 ± 1.3)%, while sea-
sonal averages were (1.9 ± 0.7)% (spring), (2.86 ± 1.3)% (summer),
(2.96 ± 1.5)% (autumn), and (2.25 ± 1.1)% (winter). Higher WIRC

mass ratios in summer and autumn suggest a reduced dust-
soil fraction in the TSP. This reflects seasonal precipitation that
depresses continental emissions of aerosol particles, as well as air
parcels transported from the more urbanized areas, east of WLG.



X. Zheng et al. / Particuology 20 (2015) 24–31 27

Table  2
Sampling records, mass concentrations of TSP and WIRC, and �13C PDB values at WLG  from December 2002 until January 2004.

Sample No. Sampling date Volume (m3) TSP conc. (�g/m3) WIRC conc. (ng/m3) �13C PDB (‰)

Start End
YY-MM-DD YY-MM-DD

WLG-1 02-12-25 03-01-01 2445 20.65 526.4 −25.08
WLG-2 03-01-01 03-01-08 2547 31.02 331.7 −25.30
WLG-3 03-01-08 03-01-15 2402 24.31 69.3 −25.41
WLG-4 03-01-15 03-01-22 2439 19.72 341.4 −25.13
WLG-5 03-01-22 03-01-29 2415 50.68 248.7 −25.77
WLG-7 03-02-05 03-02-12 2431 72.30 1381.9 −24.86
WLG-8 03-02-12 03-02-19 1956 77.03 1248.5 −24.85
WLG-11 03-03-05 03-03-12 1970 225.40 2316.8 −24.80
WLG-12 03-03-12 03-03-19 2248 60.45 1024.5 −24.67
WLG-13 03-03-19 03-03-26 2244 76.25 1297.0 −25.02
WLG-14 03-03-26 03-04-02 2083 113.12 1647.6 −24.97
WLG-15 03-04-02 03-04-09 2235 81.89 1138.7 −24.64
WLG-16 03-04-09 03-04-16 1236 485.42 3708.2 −24.73
WLG-17 03-04-16 03-04-23 1433 346.16 1112.3 −24.83
WLG-18 03-04-23 03-04-30 2121 97.53 1139.3 −25.05
WLG-19 03-04-30 03-05-07 2251 48.02 377.6 −25.59
WLG-20 03-05-07 03-05-14 2330 72.18 708.9 −23.40
WLG-21 03-05-14 03-05-21 2314 30.89 549.5 −24.90
WLG-22 03-05-21 03-05-25 1422 14.91 106.5 −28.00
WLG-23 03-05-28 03-06-04 2352 36.70 798.4 −25.07
WLG-24 03-06-04 03-06-10 2012 7.80 254.9 −25.22
WLG-26 03-06-18 03-06-25 2283 20.14 717.8 −25.53
WLG-27 03-06-25 03-07-28 943 30.33 511.0 −25.13
WLG-28 03-07-02 03-07-09 2283 17.66 291.5 −25.33
WLG-29 03-07-09 03-07-12 948 5.80 124.1 −25.44
WLG-30 03-07-16 03-07-23 2289 16.60 266.5 −25.13
WLG-31 03-07-23 03-07-29 2095 11.31 419.2 −25.64
WLG-32 03-07-30 03-08-06 2043 12.38 326.2 −25.18
WLG-33 03-08-06 03-08-09 1168 5.57 261.5 −25.47
WLG-34 03-08-13 03-08-20 2182 42.26 769.1 −25.68
WLG-35 03-08-20 03-08-27 2101 7.00 380.7 −25.79
WLG-37 03-09-03 03-09-10 2305 6.99 262.7 −25.41
WLG-38 03-09-10 03-09-16 2174 9.94 413.8 −25.82
WLG-40 03-09-24 03-09-29 1544 2.91 83.8 −25.66
WLG-41 03-10-01 03-10-08 2248 6.45 117.7 −25.16
WLG-42 03-10-08 03-10-11 571 10.16 475.3 −25.42
WLG-43 03-10-15 03-10-22 2304 34.19 833.8 −25.70
WLG-44 03-10-22 03-10-29 2306 20.16 657.6 −25.80
WLG-45 03-10-29 03-11-05 2315 10.07 219.6 −25.04
WLG-46 03-11-05 03-11-12 2388 54.57 585.4 −25.34
WLG-47 03-11-12 03-11-19 2295 27.28 124.3 −24.70
WLG-48 03-11-19 03-11-26 2380 40.58 542.9 −25.22
WLG-49 03-11-26 03-12-03 2351 109.12 615.8 −25.31
WLG-50 03-12-03 03-12-10 2489 26.68 188.5 −25.71
WLG-51 03-12-10 03-12-17 2438 38.43 404.1 −25.42
WLG-52 03-12-17 03-12-24 2440 46.22 536.3 −25.36
WLG-53 03-12-24 03-12-31 2432 37.42 862.0 −25.30
WLG-54 03-12-31 04-01-07 2505 32.57 587.7 −25.57
WLG-55 04-01-07 04-01-14 2439 30.22 567.2 −25.27
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WLG-56 04-01-14 04-01-21 2480 

hese air masses are likely to be well mixed, with a high diversity
f chemical components, including anthropogenic emissions. For
xample, pollutants O3 or NOX are recorded in these air flows (e.g.
ee et al., 2004; Xue et al., 2011). Scatter plots to compare mass con-
entrations of WIRC and TSP at WLG  are shown in Fig. 2. To obtain
quivalent sample numbers, data from summer and autumn were
rouped together. The linear least-squared fit and squared corre-
ation coefficients suggest a poorer correlation between WIRC and
SP in summer and autumn than in winter and spring. Thus, the
ource for WIRC at WLG  in the summer–autumn period was less
ependent on TSP than in the other seasons.

We compared our WIRC mass concentrations with those from

hasa (Huang et al., 2010), located on the southern Tibetan Plateau
t approximately the same altitude above sea level (29.67◦ N,
1.13◦ E; 3650 AMSL). In addition, the laboratory measurement
echniques used for WIRC-TSP samples at these two sites were
35.04 624.50 −24.74

similar, except that at Lhasa, TSP was  collected on different fil-
ters. Absolute and relative mass concentrations of WIRC at Lhasa
were (13,740 ± 5905) ng/m3 and (9.5 ± 4.1)% (Huang et al., 2010),
which are markedly higher than those at WLG, even when data
uncertainty (more than ∼−30%) is taken into account. This shows
that TSP and WIRC loadings at WLG  are lower than for the Tibetan
region.

Comparison with aethalometer BC

The weekly average mass concentrations of WIRC and BC
(aethalometer measurements) at WLG  show that their seasonal

variations were generally consistent (Fig. 3). BC concentrations
were close to those for WIRC from May  to December 2003, but WIRC
concentrations were higher in the winter–spring period, especially
in the 29 most recent samples.
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Table 3
Sampling records, mass concentrations of TSP and WIRC, and �13C PDB, 14C pMC values at WLG  from October 2005 until May  2006.

Sample No. Sampling date Volume (m3) TSP conc. (�g/m3) WIRC conc. (ng/m3) �13C PDB (‰) 14C pMC  (%)

Start End
YY-MM-DD YY-MM-DD

#01 05-10-26 05-11-02 5092 28.33 1497.3 −25.59 60.57 ± 0.22
#02  05-11-02 05-11-09 5070 18.64 632.2 −25.5 68.08 ± 0.23
#03  05-11-09 05-11-16 5126 29.62 1325.6 −25.45 56.71 ± 0.20
#04  05-11-16 05-11-23 5237 21.79 881.3 −25.54 56.31 ± 0.19
#05  05-11-23 05-11-30 5222 11.07 508.4 −25.2 66.84 ± 0.22
#06  05-11-30 05-12-07 5015 24.53 886.9 −25.06 75.58 ± 0.24
#07  05-12-07 05-12-14 5030 62.92 2052.5 −24.96 57.03 ± 0.20
#08  05-12-14 05-12-21 5262 19.38 713.5 −24.66 74.88 ± 0.26
#09  05-12-21 05-12-28 5130 15.76 718.1 −25.57 74.61 ± 0.25
#10  05-12-28 06-01-04 4863 106.03 2471.9 −25.3 73.19 ± 0.25
#11  06-01-04 06-01-11 4482 111.88 2325.3 −24.88 74.3 ± 0.25
#12  06-01-11 06-11-18 4796 63.80 1849.3 −25.07 66.53 ± 0.23
#13  06-01-18 06-01-25 5111 46.39 2129.5 −24.98 54.99 ± 0.22
#14  06-01-25 06-02-01 4357 72.21 1845.0 −24.84 80.79 ± 0.26
#15  06-02-01 06-02-08 4428 65.54 1592.3 −24.67 71.34 ± 0.24
#16  06-02-08 06-02-15 5150 23.32 637.8 −25.17 73.57 ± 0.24
#17  06-02-15 06-02-22 5117 48.78 1327.5 −24.87 67.79 ± 0.23
#18  06-02-22 06-03-01 5179 36.73 762.6 −29.66 64.13 ± 0.26
#19  06-03-01 06-03-08 4954 37.77 1009.8 −25.07 63.39 ± 0.26
#20  06-03-08 06-03-15 4739 111.96 1596.7 −24.55 67.4 ± 0.23
#21  06-03-15 06-03-22 3839 204.95 3435.2 −24.83 60.54 ± 0.23
#22  06-03-22 06-03-29 4604 86.94 2042.8 −25.03 57.53 ± 0.22
#23  06-03-29 06-04-05 4286 100.99 1929.6 −24.85 67.31 ± 0.25
#24  06-04-05 06-04-12 4508 233.48 4036.3 −24.24 79.76 ± 0.28
#25  06-04-12 06-04-19 3845 170.77 1875.1 −24.83 63.1 ± 0.23
#26  06-04-19 06-04-26 4322 83.24 1572.3 −24.9 61.81 ± 0.21
#27  06-04-26 06-05-03 4715 47.47 1153.0 −24.97 59.27 ± 0.22
#28  06-05-03 06-05-10 4298 62.41 636.8 −24.6 63.52 ± 0.21

3.14 

t
f
t
O
a
c
T

F
a
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Scatter plots for WIRC and BC mass concentrations over the
wo sampling periods are shown in Fig. 4. In the second period
or samples without filter cutting, the linear dependence is better
han for the first period, when only 3/8 of each filter was used.

bviously, filter cutting and low sample volumes in summer to
utumn of 2003 resulted in loss of WIRC mass. However, mass con-
entrations of WIRC were almost always higher than those for BC.
his reflects differences in sampling techniques. The high flow rate

ig. 2. Scatter plot of TSP and WIRC mass concentrations at WLG  in winter, spring,
nd combined summer–autumn data.
797.6 −24.87 61.24 ± 0.22

(1.2 m3/min) used for TSP sampling in this study collects differ-
ently sized carbonaceous particles, with particles up to 10 �m in
size (Pavuluri et al., 2013). In contrast, the aethalometer flow rate
was only around 8 L/min, and did not collect larger size particles.
In winter to spring, higher TSP loadings on the filters resulted in
higher mass concentrations of WIRC.

ı13C PDB

The �13C values for WIRC at WLG  exhibit uniformity
(Tables 2 and 3). The mean �13C PDB value was (−25.3 ± 0.8)‰
(n = 79), equivalent to �13C values for C3 biomass (−24‰ to −34‰)
or coal (−22‰ to −28‰)  combustion. The mean �13C for WLG  sam-
ples was  also close to that measured in Lhasa (−25.8‰) (Huang
et al., 2010). Seasonal variation in �13C at WLG  was not marked.
Summer and autumn �13C values were close to those measured
in silage-fed cattle dung (−25.7 ± 0.4)‰ in tropical India (Pavuluri,
Kawamura, Swaminathan, & Tachibana, 2011). Less-depleted �13C
in spring suggests there was dilution of the heavier isotopic carbon
fraction in WIRC.

Notably, there were two cases of extremely low �13C values:
−28.8‰ was  recorded during the interval May  21–25, 2003; while
−29.0‰ was recorded during February 22–28, 2006. Such low �13C
values may reflect particles from a specific WIRC source. In the
first instance, a relatively clean air mass was associated with low-
est mass concentrations for TSP and WIRC (Table 2) and could be
related to enhanced wet scavenging processes during precipitation
over the sampling period. In the later instance, the low value was
clearly not related to low TSP values or precipitation (Table 3).

We investigated possible source regions for these abnormally

low �13C values using backward trajectory calculations available
online at www.arl.noaa.gov/ready/open/traj.html (Draxler & Rolph,
2003). In the first instance, the air mass transport path was  mainly
from the east, southeast, and south of WLG, including regions in

http://www.arl.noaa.gov/ready/open/traj.html
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Fig. 3. Weekly mass concentration

ichuan Province and Chongqin, where oil and gas exploitation
ccurs. In the later instance, the main air mass transport was  from
est of WLG, including the Persian Gulf region. These backward

rajectories indicate that lowest �13C values at WLG  were related
o regionally transported emissions from the oil and gas industry.
he average �13C for oil is about −28.0‰,  consistent with the
ow values for our two cases. Our data show that it is difficult
o identify source regions for WIRC using only �13C data and
ackward trajectory calculations because one-week continuous
SP samples reflect a variety of aerosol particles that have been
ixed along their transport paths, weakening the significance of

table carbon isotopic compositions as tracers for WIRC sources.

4C pMC

The mean value for 14C pMC  in samples collected from winter
005 to spring 2006 was (67.2 ± 7.7)% (n = 29). Our 14C pMC  data
re compared with measurements from other sites in China under-
aken by the same AMS  facility in Table 4. Comparison between

LG  and Lhasa values reveals a lower carbon loading related to fos-

il fuel combustion at WLG. Both Lhasa and WLG  show higher con-
emporary carbon fractions for WIRC than 14C pMC  in PM2.5 from
rbanized sites in east China. Lhasa and WLG  also had highest 14C
MC  values in winter (DJF, i.e. December, January, and February).

ig. 4. Mass concentrations of aethalometer BC and WIRC extracted from the sampled fil
ithout  cutting.
IRC and aethalometer BC at WLG.

There are several studies of 14C pMC  values for PM2.5. In the
US, pMC  values of 50% at urban sites and 70–97% at non-urban
sites were reported (Bench et al., 2007; Schichtel et al., 2008). In
Europe, data ranged from 57% to 82% for five remote and rural sites
(Gelencsér et al., 2007). Clearly, a greater contribution of biogenic
carbon to PM2.5 was  present at all non-urban sites. As a remote
GAW site, the WIRC 14C pMC  value at WLG  was even lower than for
PM2.5 at non-urban sites. Another reason for the low values in our
study is that biogenic-derived WSOC were eliminated in the pre-
treatments. Given its complex composition, WIRC should have the
recalcitrant properties of EC or BC. The extraction process for WIRC
from the TSP is also similar to that for BC in soil or marine sediments.
However, the 14C pMC  reported here is much higher than for EC in
PM2.5 or PM10 in Zürich (about 7–31%; Szidat et al., 2006), Göte-
borg (about 12%; Szidat et al., 2009), Birmingham (about 8–11%;
Heal et al., 2011), and Beijing (about 13–20%; Sun et al., 2012).
Thus, higher WIRC 14C pMC  at WLG  can be interpreted as more bio-
aerosols with sizes larger than 2.5 or 10.0 �m,  such as pollen grains
(Pavuluri et al., 2013). Our WIRC 14C pMC  value is close to soot car-
bon (68 ± 6)%, but higher than EC 14C pMC (45 ± 8)% measured for
the Maldives and India (Gustafsson et al., 2009). These comparisons

suggested that contemporary-carbon comprises a high fraction of
TSP carbonaceous aerosols at this GAW site.

To investigate the WIRC 14C pMC  variation in detail, weekly-
average variations of 14C pMC, relative humidity (RH), and mass

ters at WLG: (a) for the first period with filter cutting and (b) for the second period
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Table 4
Comparison of 14C pMC  of WIRC at WLG  with other China sites.

Sites 14C pMC  (%) Reference

Average ± Std (Min–max) Number

WLG  (spring)a-remote 64.1 ± 5.7 57.5–79.8 12
This studyWLG  (autumn)a-remote 61.7 ± 5.5 56.3–68.1 5

WLG  (winter)a-remote 69.9 ± 7.5 55–80.8 12

Lhasa (spring)a-urbane 49.0 ± 5.1 39–56 11

Huang et al. (2010)
Lhasa (summer)a-urbane 44.0 ± 5.9 39–54 5
Lhasa (autumn)a-urbane 44.0 ± 7.5 35–54 6
Lhasa (winter)a-urbane 57.0 ± 6.0 50–70 8

Zhongguancun, Beijingb-urbane 28 33–48 8 Yang et al. (2005)

Yufa near Beijing (winter)b-rural 35 30–38 12
Sun et al. (2012)

Yufa near Beijing (summer)b-rural 39 31–44 12
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a WIRC extracted from TSP.
b PM2.5 carbonaceous particles.

oncentrations of TSP and WIRC are shown in Fig. 5(a) and (b) show
n anti-correlation between 14C pMC  and RH, with decreases in
4C pMC corresponding to increases in RH, and vice versa (i.e., see
eeks #2 to #4, #6 and #7, #11 to #13, #24 and #25). Changes

n RH are related to the alternation of air parcels, with more moist
arcels originating from east or southeast of WLG, from more pop-
lated regions with higher fractions of fossil fuel derived WIRC.
onversely, drier air parcels originate from the more remote west
o southwest highlands, with less polluted air masses and higher
4C pMC values.

For the first 14 samples, the linearly squared correlation coeffi-
ient between 14C pMC  and RH is 0.65. However, after sample #14,
ittle correlation is evident, suggesting that 14C pMC  is insensitive
o RH over this period; this cannot simply be related to changes
n transport paths. We  believe continuous fossil fuel combustion
eating in Lanzhou and Xining, or towns along the Yellow River
anyon, is the primary reason for the reduction in 14C pMC  in win-
er and spring. Furthermore, small amounts of atmospheric water
apor during the winter and spring preclude RH as a sensitivity flag

or atmospheric transport.

There were two mass concentration peaks for TSP and WIRC:
ample #21 (March 14–21, 2006) and sample #24 (April 4–11,
006). Sample #21 has a lower 14C pMC  than sample #24,

ig. 5. Week-to-week variations of 14C pMC  (a), RH with standard error (b), TSP (c),
nd  aerosol WIRC (d) mass concentrations from 26 October 2005 to 17 May 2006.
umbers labeled in Fig. 5(a) indicate the serial number of the weeks since 26 October
005.
suggesting that air parcels traveled through an area with more
fossil fuel combustion before collection. Seven-day backward tra-
jectory calculations indicate that indeed these air parcels passed
over the highly urbanized Yellow River canyon region (March
17). For sample #24, the backward trajectory shows that most
air parcels traveled through the relatively less urbanized area,
northwest of WLG. Highest mass concentrations of TSP and WIRC
for sample #24 are instead characteristics of a dust storm, rather
than fossil fuel derived aerosol transport. These examples illustrate
that 14C pMC  at WLG  was very sensitive to changes in regional
transport path, even when WIRC or TSP levels remained high.

We noticed a pronounced jump in 14C pMC  values between sam-
ple #13 (January 18–25, 2006) and #14. This was  associated with
changes in transport path, with air masses from January 19–22,
2006 coming from east of WLG. Such westward transport caused
14C pMC  to decrease to a minimum value in sample #13. Inter-
estingly, this event was  associated with high 210Pb concentrations,
around 5.81 mBq/m3 (data not shown). A similarly high 210Pb activ-
ity concentration associated with pollutant transport from the east
was evident in the 2003 data (Zheng, Wan, Chan, & Tang, 2008).
Almost all the backward trajectories for sample #14 were from the
west, especially from the more remote south-west highland areas.

Summary and conclusions

We  present mass concentrations, �13C PDB values for WIRC
extracted from 79 TSP samples collected on a weekly basis at Mt.
Waliguan, a WMO-GAW site in west China. 14C pMC  values for
29 samples collected in winter and spring were also measured.
We estimated uncertainties for these measurements, showing that
the sampling and pretreatment techniques were significant factors
contributing to underestimation of WIRC mass concentrations. The
mass concentrations for WIRC were compared with aethalometer
BC measurements. Our study revealed that:

(i) The overall average mass concentration of WIRC in the 79
week-long samples was about (1183 ± 120) ng/m3, and the rel-
ative ratio to TSP was (2.25 ± 1.3)%. A seasonal cycle to WIRC
mass concentration was evident; lower values in the summer
to autumn period were associated with a higher WIRC/TSP
mass ratio; while the opposite trend occurred in winter to
spring. Although mass concentration changes were similar for
both WIRC and BC measurements, WIRC mass concentrations

were higher because of high TSP loadings in winter and spring.

(ii) C3 plant or fossil fuel combustion appears to be the main
sources for WIRC at WLG, as suggested by their �13C value of
(−25.3 ± 0.8)‰ (n = 79). Seasonal variation in �13C values was
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not marked. Summer to autumn �13C values (−25.4‰) indi-
cated that biofuel (dung) and biomass burning emissions were
their dominant sources for WIRC.

iii) Average 14C pMC  values were (67.2 ± 7.7)% (n = 29) for late
autumn to late spring samples. This 14C pMC  value was  higher
than at Lhasa and other urban sites. However, 14C pMC  at
WLG was  lower than for PM2.5, but higher than values for EC
in PM2.5 from rural or remote sites. WIRC 14C pMC values at
WLG  provided signatures of different air mass transport paths:
higher fractions of fossil fuel derived WIRC in late autumn
and early winter were associated with moist air-parcels trans-
ported from east of WLG, while air masses transported from
the remote highlands located southwest of WLG  were char-
acterized by high 14C pMC  values. High 14C pMC  values also
were recorded during a spring dust storm, with abnormally
high mass concentrations of TSP and WIRC. Winter to spring
usage of fossil fuels for heating in the region east of WLG  had
a negative effect on 14C pMC  values at WLG.
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