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Received: 29 May 2006 – Published in Atmos. Chem. Phys. Discuss.: 7 July 2006
Revised: 30 October 2006 – Accepted: 20 November 2006 – Published: 29 November 2006

Abstract. Long-term concentration records of carbonaceous
particles (CP) are of increasing interest in climate research
due to their not yet completely understood effects on cli-
mate. Nevertheless, only poor data on their concentrations
and sources before the 20th century are available. We present
a first long-term record of organic carbon (OC) and elemental
carbon (EC) concentrations – the two main fractions of CP
– along with the corresponding fraction of modern carbon
(fM ) derived from radiocarbon (14C) analysis in ice. This
allows a distinction and quantification of natural (biogenic)
and anthropogenic (fossil) sources in the past. CP were ex-
tracted from an ice archive, with resulting carbon quantities
in the microgram range. Analysis of14C by accelerator mass
spectrometry (AMS) was therefore highly demanding. We
analysed 33 samples of 0.4 to 1 kg ice from a 150.5 m long
ice core retrieved at Fiescherhorn glacier in December 2002
(46◦33′3.2′′ N, 08◦04′0.4′′ E; 3900 m a.s.l.). Samples were
taken from bedrock up to the firn/ice transition, covering the
time period 1650–1940 and thus the transition from the pre-
industrial to the industrial era. Before∼1850, OC was ap-
proaching a purely biogenic origin with a mean concentra-
tion of 24µg kg−1 and a standard deviation of 7µg kg−1. In
1940, OC concentration was about a factor of 3 higher than
this biogenic background, almost half of it originating from
anthropogenic sources, i.e. from combustion of fossil fuels.
The biogenic EC concentration was nearly constant over the
examined time period with 6µg kg−1 and a standard devi-
ation of 1µg kg−1. In 1940, the additional anthropogenic
input of atmospheric EC was about 50µg kg−1.

Correspondence to:M. Schwikowski
(margit.schwikowski@psi.ch)

1 Introduction

Atmospheric aerosol particles affect global climate and air
quality, thus having impact on human welfare and human
health (e.g. Brimblecombe, 1987; Penner et al., 1994; IPCC,
2001; Davidson et al., 2005). The so-called aerosol forc-
ing is based on a change of the earth’s radiation balance,
which controls our climate (e.g. Chylek and Coakley Jr.,
1974; Crutzen and Ramanathan, 2003). Simplified, two main
effects can thereby be distinguished, a direct effect, involving
absorption and scattering of solar radiation, and an indirect
effect since aerosol particles act as cloud condensation nuclei
and enhance the formation of clouds (e.g. Novakov and Pen-
ner, 1993; Haywood, 1997; Jacobson, 2002). The strength of
these effects and whether they result in a net cooling or net
warming of the atmosphere is dependent on particle concen-
tration, size and composition (Jacobson, 2002; Crutzen and
Ramanathan, 2003; Davidson et al., 2005). At the time, the
magnitude of the mostly negative aerosol forcing (cooling)
associated with anthropogenic aerosols is highly uncertain
(IPCC, 2001). Carbonaceous particles (CP) are a major com-
ponent of the atmospheric aerosol and consist of two main
fractions, organic carbon (OC) and elemental carbon (EC).
OC is emitted either directly as aerosol particle or is formed
from gaseous precursors as secondary organic aerosol. The
origin of EC is primarily direct particle emission, nowadays
mainly from anthropogenic sources (Slater et al., 2002; Szi-
dat et al., 2004a). According to their different sources and
ways of emission (direct or as gaseous precursors), both frac-
tions differ in their composition and size and thus contribute
differently to the climate forcing. Especially EC is thought to
be highly relevant due to its high absorption and is discussed
to be one of the most important anthropogenic constituent
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Fig. 1. Map of Switzerland and neighbouring European countries.
Indicated are the FH and Colle Gnifetti (CG) drilling sites (trian-
gles), the high alpine research station JFJ (open circle), the region
of local emissions from mountain railways (shaded area, discussed
in Sect. 3.5) and the two cities Interlaken and Zürich (x).

to global warming after CO2 (Hansen and Sato, 2001; Ja-
cobson, 2002). Additionally, EC is known to enhance the
melting process of snow and ice packs by increasing the ab-
sorbance of solar energy (ice-albedo feedback) (Clarke and
Noone, 1985; Jacobson, 2004). As over 30% of the earth’s
surface is seasonally covered by snow and ice, this leads to a
further and additional climate response (albedo-temperature
feedback) (Groisman et al., 1993; Hansen and Nazarenko,
2004; Jacobson, 2004).

14C analysis offers a unique potential for unambiguous
source apportionment of CP due to the possibility of a di-
rect distinction of contemporary and fossil carbon (Szidat
et al., 2004b; Currie, 2000; Lemire et al., 2002; Reddy et
al., 2002). The separation of OC and EC can be achieved
based on their specific thermal and chemical properties (Ja-
cobsen, 2000; Petzold and Niessner, 1995). Ambient concen-
trations of CP are rather inhomogeneous, representing a com-
plex mixture of primary and secondary particles. Long-range
transport enables a mixing of the two species over space and
time. Urban as well as rural pollution can contribute to the
finally deposited particles. Despite their short mean atmo-
spheric residence time of about one week, they can be de-
tected in remote areas such as high-elevation glaciers (La-
vanchy et al., 1999a, b; Bazhev et al., 1998; Holdsworth et
al., 1996) and polar ice sheets (Cachier and Pertuisot, 1994;
Chylek et al., 1992, 1995) where they are scavenged from
the atmosphere during snowfall (Baltensperger et al., 1998).
So far, data of CP concentrations from direct measurements
exist only for short time periods (Sharma et al., 2004). There
is still a large uncertainty about the contribution of biogenic
and anthropogenic sources to these particles, especially for
historical emissions. As ice cores allow access to samples
representing climate and atmospheric conditions in the past,
investigation of CP precipitated and stored in mid-latitude

glaciers might help to overcome the lack of long-term data.
The knowledge of past concentrations and sources is essen-
tial to understand their effect on climate conditions and might
allow a better distinction from other anthropogenic or natural
climate driving factors, finally resulting in improved models
to predict future climate scenarios.

In this work, we present an ice-core record of past con-
centrations of the two main carbonaceous particle fractions,
water-insoluble organic carbon (OC) and elemental carbon
(EC). We quantified the natural and anthropogenic sources
in the past, using the fraction of modern carbon (fM) deter-
mined by microgram14C AMS analysis. Additional stable
carbon isotope (δ13C) analysis was performed and results
will be discussed. The record spans the time period 1650–
1940, covering the transition from the pre-industrial to the
industrial era. The time span between 1940 and present was
not analysed since the technique applied could only be used
for ice but not for snow and firn samples due to decontami-
nation difficulties of these less dense samples.

2 Experimental methods

2.1 Ice core recovery and dating

In December 2002 a 150.5 m long ice core reaching
bedrock was extracted from the Fiescherhorn glacier (FH,
46◦33′3.2′′ N, 08◦04′0.4′′ E; 3900 m a.s.l.) in the Bernese
Oberland (Switzerland), approximately 6 km east of the high
alpine research station Jungfraujoch (JFJ) (Fig. 1). The Fi-
escherhorn glacier was known before to be suitable as natural
archive of past atmospheric composition (Schotterer et al.,
1998; Schwikowski et al., 1999a; Huber, 2001). The annual
net accumulation rate at this site is about 1.4 m water equiv-
alent (m weq) and snow fall is rather equally distributed over
all four seasons.

Dating of the ice core was performed by annual layer
counting (ALC) using the stable hydrogen isotope ratioδD
(back to 1840) and the ammonium concentration as season-
ally varying parameters (back to 1668 at a depth of 150 m
(123.9 m weq.)). The deepest 50 cm of the core were not
analysed for chemical tracers due to bad ice quality. Thus,
dating had to be extrapolated for this part, resulting in addi-
tional 20 years. An ice flow model based on physical pa-
rameters and applied to FH, gives an age of 274 years at
145 m (Schwerzmann et al., 2006), differing from the dating
by ALC in the lowermost 5 m of the core by only 25 years.
This is in accordance with the estimated dating uncertainties
of ALC, which are increasing from top to bottom of the core
with ±2–5 years for the period 1940–1900,±5–10 years for
1900–1800 and±10–25 years for 1800–1650.

During ice core drilling, the obtained core sections of
about 70 cm length and 8 cm diameter were handled wear-
ing gloves all the times. They were packed right after extrac-
tion into polyethylen tubes to prevent contamination. The ice

Atmos. Chem. Phys., 6, 5381–5390, 2006 www.atmos-chem-phys.net/6/5381/2006/



T. M. Jenk et al.: Ice core record of carbonaceous aerosols 5383

core sections were then transported in frozen condition to the
laboratory for further treatment.

2.2 Sample preparation

Cutting of the ice core sections and removal of possibly
contaminated outer layers was performed in a cold room
(−20◦C) using a pre-cleaned stainless-steel band saw. Dif-
ferent spatial resolution was chosen for the analysis of ma-
jor ions by ion chromatography (Eichler et al., 2000), sta-
ble isotopes in water (δD, δ18O) by isotope ratio mass spec-
trometry (IRMS) and carbonaceous particles. After cutting,
samples were stored frozen in pre-cleaned containers (PETG,
Semadeni) until further treatment or analysis. All steps de-
scribed in the following were carried out in a class 100 lam-
inar flow-box; materials used were made of quartz, glass,
stainless steel or Teflon if not marked differently. All parts
were pre-cleaned prior to use by brushing, rinsing with ultra-
pure water (MilliQ, 18 M� cm−1 quality) and pre-heating.
For the analysis of carbonaceous particles an additional de-
contamination step was performed to exclude possible input
of dust and fibres from clothes worn in the cold room. For
this purpose, the frozen samples of 0.4–1 kg ice were rinsed
with ultra-pure water (mass loss 10 to 20%) to remove sur-
face contamination. Afterwards they were transferred into
new, pre-cleaned containers which were closed for melting
at room temperature. To collect the water-insoluble carbona-
ceous particles contained in the ice, the liquid samples were
filtered through pre-heated (12 h at 1000◦C) quartz fibre fil-
ters (PallFlex Tissuquartz, 2500QAO-UP), which were af-
terwards acidified three times with 50µL 0.2 M HCl to re-
move carbonates before they were finally stored to complete
dryness (Lavanchy et al., 1999a) For additional details see
Jenk et al. (2006). Since the decontamination by rinsing with
ultra-pure water is not applicable for porous snow and firn
samples as they would take up the water, we analysed only
samples from below the firn/ice transition (see also Sect. 2.6).

2.3 Separation of OC and EC

The method we applied to separate OC and EC in car-
bonaceous particles and the subsequent microgram-level14C
AMS analysis was initially developed for ambient aerosol
samples (Szidat et al., 2004a, b, c). Details for the appli-
cation on ice samples can be found in Jenk et al. (2006).
In short, filters with the water-insoluble carbonaceous par-
ticles were combusted stepwise at 340◦C and 650◦C to sepa-
rate OC from EC. No well-defined transition exists between
these fractions. Already very small amounts of remaining
OC could result in a large artefact to the EC14C/12C ra-
tio in case this ratio is strongly different in the two frac-
tions. Therefore, a complete separation of OC was neces-
sary and an additional thermal elimination step of OC (4 h at
375◦C) prior to combustion at 650◦C was performed (Szidat
et al., 2004c). Formed CO2 was cryogenically trapped and its

volume determined manometrically (detection limit<0.2µg
carbon). A 2–5% aliquot forδ13C IRMS analysis was sepa-
rated and sealed in an evacuated glass tube. The remaining
CO2 was sealed in a quartz tube for transformation to fila-
mentous carbon and subsequent14C AMS analysis. As we
extracted the carbonaceous particles from the liquid phase
by filtration, OC and EC discussed in this study has always
to be considered as the water-insoluble part of those fractions
only. The water-insoluble part of OC can be best compared
to what is described as WINSOC in Szidat et al. (2006). As
discussed above, we had to perform an additional offline ther-
mal elimination of OC in a muffle furnace, necessary for the
subsequently performed AMS analysis. Unfortunately this
procedure resulted in a loss of EC. Using the described set-
up, the average mass of EC removed by this procedure of
50±8% was determined through analysis (with and without
the additional step) of aerosol samples collected at the high-
alpine site JFJ and in the city of Zürich (Switzerland). To
make our results comparable to other studies of OC and EC
concentrations, measured EC values were accordingly multi-
plied by a factor of 2.0±0.3.

2.4 14C AMS andδ13C IRMS analysis

The method of target preparation of microgram carbon sam-
ples using manganese and cobalt is based on previous work
by Szidat et al. (2004c) with modifications for the specific
requirements of ice samples (Jenk et al., 2006). Measure-
ments of the14C/12C ratio were performed on a 500 kV pel-
letron compact AMS system (Synal et al., 2000). Details of
the target production, measurement parameters, data evalu-
ation and corrections for microgram samples can be found
in Szidat et al. (2004c) and Jenk et al. (2006). In short,
the procedural blank for ice samples of the analysed size
was 1.3±0.6µg OC with a fM=0.6±0.1 and 0.3±0.1µg
EC with an estimated fM=0.3±0.3. AMS calibration was
performed using internal standards and blanks and we cor-
rected for fractionation, for constant contamination during
the processing of these ultra-small carbon samples (Hua et
al., 2003) and subtracted the procedural blank of ice sam-
ples. The repeated analysis of processed reference mate-
rial resulted in agreement with consensus values and stan-
dard deviations were fM=±0.02 (1σ). 13C/12C ratios of
CO2 were additionally measured offline by IRMS (Delta Plus
XL, Thermo-Finnigan) equipped with gasbench- and precon-
periphery (Thermo-Finnigan). With this set-up we reached
standard deviations of 0.13‰ for the repeated anaysis of
gaseous NBS Oxalic Acid standard (HOxI) and 0.19‰ for
processed reference material (Jenk et al., 2006).δ13C values
are given as relative deviations from the international carbon
reference standard “Vienna Pee Dee Belemnite” (V-PDB) in
per mil.
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Fig. 2. Records of water-insoluble OC and EC concentrations in
µg kg−1 ice for the years 1650–1940 (89–124 m weq). Shown is
a weighted average (solid line) of the individual analysed samples
(open circles). Uncertainties (1σ) of single measurements are indi-
cated as error bars. The resolution of this average is 5 years back to
1850 and 10 years back to 1650, according to the resolution of the
individual samples (horizontal bars).

2.5 Presentation of14C results

In the following,14C AMS results will be given as fraction of
modern carbon (fM). This term can be transferred into per-
cent of modern carbon (pMC) as defined in Stuiver and Po-
lach (1977) using the formula: pMC=fM×100. Accordingly,
fM includes correction for the decay (reference year 1950 un-
til the year of measurement in 2004 or 2005) and correction
for the chronological age of the sample. Different from this
definition, results of fM additionally include normalization
to the IntCal04 Northern Hemisphere radiocarbon calibration
curve (Reimer et al., 2004) in this study, which considers the
fact that the atmospheric14C/12C ratio is varying over time.
Hence, fM as defined here directly indicates the14C content
of a sample relative to the14C content in the living biosphere
at the corresponding time. In summary, a sample with fM=1
consisted 100% of contemporary carbon at the time of snow
deposition on the glacier, and a sample with fM=0 contained
pure fossil carbon.

2.6 Time resolution

We analysed 33 samples, extracted from 0.4 to 1 kg ice orig-
inating from the part of the core below the firn/ice transi-
tion (Sect. 2.2). The time period covered by the samples is
1650 to 1940. The spatial resolution of samples analysed for
OC was 70–140 cm, depending on ice quality and concen-
trations. Consequently, the time resolution varied between
1–10 and 10–30 years for the periods 1940–1850 and 1850–
1650, respectively. Due to the lower EC concentration, two
samples analysed for OC had to be pooled for14C (EC) anal-
ysis, resulting in reduced resolution (1940-1900: 1-10 years;
1900–1650: 10–50 years). Even so, amounts were extremely
low with only 9 to 20µg C. Such small amounts of carbon
are pushing the limits of AMS. The failure rate, due to mea-
surements close to the detection limit and instable conditions,

was accordingly higher than for routine measurements. For
that reason, 3 out of 14 EC samples and 7 out of 33 OC sam-
ples could not be analysed, resulting in a number of gaps in
the records. Theδ13C record is also not continuous, since
CO2 aliquots were only separated if the remaining CO2 was
sufficient for subsequent AMS analysis.

The concentrations of major ions presented in Sect. 3.3.,
were derived from samples analysed by ion chromatogra-
phy. They were cut with a spatial resolution of 3 cm, 2 cm
and 1.5 cm for the time periods 1940–1915, 1910–1900 and
1900–1670, respectively, resulting in sub-annual signals. To
compare the results with the CP record, 5 to 10 year averages
were calculated.

3 Results and discussion

3.1 Record of OC and EC concentrations

Records of OC and EC concentration are presented in Fig. 2.
The averaged relative uncertainty of all samples is 4% and
18% for OC and EC, respectively (the high uncertainty of
EC is explained by the necessary correction with a factor of
2.0±0.3 as described in Sect. 2.3). OC concentrations show
high and abrupt fluctuations around a mean of 33µg kg−1

(range: 13 to 77µg kg−1). No concentration trend was ob-
served for the examined time period (1650–1940). Relatively
high concentrations were found from 1670–1730, 1810–
1820 and 1840–1855, which will be further discussed in
Sect. 3.5. EC concentrations show a more steady behaviour
and the mean value of 22µg kg−1 (range: 8 to 60µg kg−1)

is lower than the OC mean. A significant correlation between
EC and OC concentrations exists if excluding the two sam-
ples around 1850 (see Sect. 3.5). In contrast to the OC record,
a trend to higher concentrations after∼1870 was observed
for EC. This reflects the anthropogenic influence due to in-
dustrialisation and the corresponding extended use of fossil
fuels (Penner et al., 1993). The average EC concentration
from 1870 to 1940 (27µg kg−1) is significantly higher than
in the period from 1650 to 1870 (15µg kg−1). Relatively
high concentrations were detected in the two samples around
1680–1730 and the sample around 1810–1825. During these
periods additional contribution from mineral dust events can
not be excluded (Sect. 3.3). Without these samples, aver-
age EC concentrations from 1650 to 1870 (12µg kg−1) were
lower by more than a factor of 2 than the ones during the an-
thropogenic influenced era (1870 to 1940). Presented results
are summarized in Table 1. Our results are in general agree-
ment with an earlier study of an ice core record from Colle
Gnifetti (Fig. 1) by Lavanchy et al. (1999a). Concerning the
limitations of this earlier work – only 36% of the ice which
covered the recorded time-period was analysed and thus re-
sulted in a discontinuous record - similarities in the main
structure and trend of the two records can still be observed.
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Table 1. The biogenic and anthropogenic carbon contribution to OC and EC are given as weighted averages for different time periods with
the observed range in parentheses. OCb, OCf , ECb, ECf denote the biomass and fossil contribution to the OC and EC concentration,
respectively. The presented biogenic background is the average value for the time before 1800 (±1σ , standard deviation). Additionally, the
values observed for the year 1940 are given with uncertainties of analysis (±1σ).

Time 1650–1800 1800–1850 1850–1870 1870–1900 1900–1940 biogenic Year 1940
period background

OC Concentration[µg kg−1
] 29 (13–50) 37 (15–77) 34 (23–33) 36 (21–52) 32 (17–74) – –

Contemporary carbon[%] 89 (83–99) 86 (81–91) 88 (84–90) 65 (12–88) 79 (55–97) 89±6 55±1
Fossil carbon[%] 11 (1–17) 14 (9–19) 12 (10–16) 35 (12–88) 21 (3–45) 11±6 45±1
OCb [µg kg−1

] 26 (20–42) 32 (11–62) 30 (21–33) 24 (6–41) 25 (16–41) 25±7a 41±1b

OCf [µg kg−1
] 4 (<3–8) 6 (<3–14) 4 (<3–5) 13 (<3–46) 8 (<3–33) <3a 33±1

EC Concentration[µg kg−1
] 16 (9–26) 15 (11–19) 10 (9–12) 21 (8–26) 31 (17–60) – –

Contemporary carbon[%] – 52 (49–58) 55 (48–58) 31 (24–31) 30 (17–35) 58±6c 17±2
Fossil carbon[%] – 48 (42–51) 45 (42–52) 69 (69–76) 70 (65–83) 42±6c 83±2
ECb [µg kg−1

] – 6 (6) 6 (5–6) 6 (5–9) 9 (5–11) 6±1c,d 10±2
ECf [µg kg−1

] – 4 (4) 5 (4–5) 15 (5–19) 22 (13–50) 4±1c,d 50±9

a The 1670 period of extremely high OC concentration due to forest fires was excluded (Sect. 3.5).
b No trend to higher levels was observed in OCb over time, thus this high value can most probably be explained by the observed large

variability.
c Level∼1850 (most probably higher than the actual biogenic background).
d The period 1680–1730 probably influenced by Saharan dust layers was excluded (Sect. 3.3).

As only summer snow is accumulated at Colle Gnifetti, OC
concentrations were significantly higher there.

3.2 Source contribution to OC and EC based on14C analy-
sis

In Fig. 3 the OC and EC records of14C/12C ratios are pre-
sented as fM (see Sect. 2.5). The averaged uncertainty of fM

including all samples is 5% and 11% for OC and EC, respec-
tively.

A significant contribution of anthropogenic (fossil)
sources after∼1870 can be identified in both fractions, in
agreement with the observed increase of EC concentrations.
However, there is no constantly increasing contribution of
fossil fuels, neither in the OC nor in the EC record as it
would be expected based on estimated emissions (Penner et
al., 1993). Instead, the data suggest a major emission source,
leading to a clear signal from 1870–1900 with a maximum
around 1890 (detailed discussion in Sect. 3.5). Nevertheless,
the general trend reveals a more and more dominating contri-
bution of anthropogenic sources after 1870, accordingly the
relative biogenic carbon contribution is decreasing for both
fractions (Table 1). Values for 1940 show a fossil contribu-
tion of 45±1% and 83±2% to the OC and EC concentrations,
respectively, approaching the annual mean value of the year
2002 in urban aerosol samples from Zürich (Szidat et al.,
2006). Although the consumption of fossil fuels is by fac-
tors higher today, the relative contributions of anthropogenic
emissions to OC and EC around 1940 seem to be compara-
ble. This may be due to the fact that these early emissions
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Fig. 3. OC and EC fM -records for the years 1650–1940 (see
Sect. 2.5 for definition of fM ). Shown is a weighted average (solid
line) of the individual analysed samples (open circles, resolution
see Fig. 2). For single measurements, overall uncertainties of14C
AMS analysis (1σ) are indicated as error bars. Triangles give an-
nual mean values for recent aerosol (Zürich, 2002, Fig. 1) (Szidat
et al., 2006). Both records, fM (OC) and (EC) reflect the increased
combustion of fossil fuels after the beginning of the industrialisa-
tion around 1860–1870.

were not subjected to any air pollution control measures (e.g.
introduction of filters in power plants). Before∼1850, OC
was approaching purely biogenic origin with a mean fM of
0.88 and a standard deviation of 0.06 (n=10). The anthro-
pogenic contribution to EC emissions from the use of fossil
fuels before 1850 was already significant with about 50%
according to the results of the two analysed samples. This
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Fig. 4. δ13C-records of OC and EC for the years 1650–1940. Verti-
cal error bars indicate overall uncertainties of IRMS analysis (1σ),
horizontal bars indicate the sample resolution along the ice core.
Small dots are used to guide the eye.

is unexpected and it seems as if this value is at least partly
influenced by airborne mineral dust (Sect. 3.3). Results are
summarized in Table 1.

3.3 Record ofδ13C

In Fig. 4 theδ13C records of OC and EC are presented. No
long-term trend was observed in theδ13C of OC. The aver-
age is−24.9±1.1‰ (1σ), a value typical for biogenic emis-
sions from C3-plants (Boutton, 1991). When excluding the
two samples representing the years around 1700 and 1810
(see discussion below), the record nicely follows the struc-
ture of the OC[fM ] and EC[fM ] records in Fig. 3. In OC, we
found good correlation between fM andδ13C with r2=0.35
(n=14) andδ13C values for pure biogenic and fossil OC with
−24.3±0.4‰ and−28.2±1.2‰, respectively, were deter-
mined by a linear regression. Only few studies exist, dis-
cussing how mixing of biogenic and fossil carbon sources is
reflected in aδ13C variation. Our results are in agreement
and within the same range of today’s knowledge that a rel-
atively low δ13C value corresponds to carbon derived from
fossil sources (e.g. Pataki et al., 2003; Widory et al., 2004;
Loh et al., 2004). For EC, going back in time, the record re-
veals a trend to samples which are less13C depleted (1900:
−25.2±0.3‰; 1850:−23.8±0.3‰). This might reflect a de-
creased anthropogenic influence by fossil carbon (Pataki et
al., 2003).

Saharan dust layers were visually and chemically detected
in the FH ice core and filters prepared from the according ice
sections showed higher amounts of mineral dust particles as
well as a characteristic brown discoloration after the applied
thermal analysis at 650◦C similar to what was described by
Lavanchy et al. (1999b). In such samples, we probably can
not fully exclude an artefact to the presented records due to
carbonates. Eglinton et al. (2002) described that dust from
Sahara and Sahel regions is a natural source of old (14C de-
pleted) particulate matter (PM) also characterised by high
δ13C values. The OC [δ13C] values in samples including
higher amounts of dust (1680–1710:−26.4±0.3‰; 1710–

1730:−24.5±0.3‰; 1810–1825:−22.3±0.3‰) might thus
indicate different source regions of the dust. However, no
evidence was found, that the Saharan dust layers do af-
fect the concentration and OC[fM ] records. As suggested
in Sects. 3.1 and 3.2, different from this, the EC fraction
might be influenced. A 50% fossil contribution to EC before
1850 seems unlikely as fossil fuels just started to become an
important energy source at this time (Sect. 3.2). Theδ13C
value of the one EC sample including Saharan dust (1680–
1730) was−22.0±0.3‰, which is significantly higher than
observed for the other three anthropogenic influenced sam-
ples (see above). Based on this and the above mentioned
study from Eglinton et al. (2002), we can not exclude that
the EC[fM ] values of the samples covering the time period
∼1680–1730 (n=1) and∼1790–1820 (n=1, see also Sect. 3.2
and Fig. 3) as well as the high concentrations in the three EC
samples (1680–1730: n=2; 1810–1825: n=1) are an artefact
of Saharan dust events rather than reflecting anthropogenic
emissions. Anyway, whether the reason why EC[fM ] does
not approach a value of 1 as expected for samples before
∼1800 is a methodical problem or a surprising property of
natural EC aerosol should be further investigated in the fu-
ture.

3.4 Apportionment of emission sources

Based on the concentration and the corresponding fM , we
calculated source dependent concentrations of OC and EC.
When 14C was not analysed, the averaged value for the
according time period as presented in Table 1 was used
(fM=0.58 was used for EC before 1850). Absolute values
presented in the following for the biogenic and fossil OC
(OCb, OCf ) and EC (ECb, ECf ) fractions have an uncer-
tainty of±6% and±21%, respectively (1σ , estimated by er-
ror propagation of the averaged uncertainties from concen-
tration and14C analysis). For the ECb and ECf records,
samples for which an influence from Saharan dust has to be
considered were not included (Sect. 3.3), resulting in the two
gaps. In Fig. 5, the results are presented and compared with
concentration records of specific chemical tracers of ammo-
nium (NH+

4 ) and sulphate (SO2−

4 ), which are attributed to
either biogenic or anthropogenic sources. Overall results are
summarized in Table 1. Ammonium is a tracer of forest fires
(Levine et al., 1992) but is also related to emissions from
agriculture and vegetation. Sulphate originates from differ-
ent natural and anthropogenic sources. ExSO2−

4 is the total
SO2−

4 corrected for the sea-salt and mineral dust contribu-
tion and is assumed to originate exclusively from oxidation
of SO2 in the atmosphere with mainly anthropogenic sources
in the last 150 years (Schwikowski et al., 1999b).

OCb concentrations show no trend, but rather large vari-
ations over the analysed time period (1650–1940). The
two periods with significantly higher concentrations in the
1670s and around 1850 are attributed to special events (see
Sect. 3.5). Excluding these two periods, correlation between
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OCb and NH+

4 concentrations was found. The correlation
is even better for the time after 1850, indicating common
sources such as the extensive use of wood as bio-fuel and
an increased agricultural activity. The biogenic background
level of OCb was 24µg kg−1 with a standard deviation of
7µg kg−1. For ECb it was 6µg kg−1 with a standard devi-
ation of 1µg kg−1. The biogenic background level was de-
fined as the averaged value for the time period before 1800,
excluding the 1670 period (probably reflecting forest fire
events) and the period 1680–1730 (probably influenced by
Saharan dust layers) for OC and EC, respectively. No cor-
relation between OCb and ECb was found. Because OCb
reflects gaseous or particulate emissions from vegetation as
well as gaseous precursors from biomass burning, whereas
ECb exclusively originated from particulate emissions during
combustion of biomass one would expect a weak correlation
at the most.

For OCf and ECf the biogenic background level was be-
low 3µg kg−1 (detection limit) and 4±1µg kg−1, respec-
tively. Both fractions strongly increased after 1870 compara-
ble to exSO2−

4 and black carbon (BC) emissions from hard
coal and petroleum combustion estimated for Switzerland
and surrounding countries (Penner et al., 1993). The rapid
increase in OCf between 1870 and 1900 can be explained
by a local source (for detailed discussion see Sect. 3.5).
After 1925 a second strong increase in OCf was observed
along with the onset of a strongly increased consumption of
petroleum in Europe (1916–1925: 0.82 Tg a−1; 1926–1935:
9.37 Tg a−1) whereas the consumption of hard coal remained
relatively constant on a much higher level (1916–1925:
773 Tg a−1; 1926–1935: 873 Tg a−1) (Penner et al., 1993).
This suggests that the combustion of petroleum results in
much higher emissions of OCf than the combustion of hard
coal. For 1940, the additional input from anthropogenic (fos-
sil) sources was 33±1µg kg−1 and 50±9µg kg−1 for OCf

and ECf , respectively. This is equivalent to an increase of the
emissions of fossil carbon by a factor 10 for both fractions.
As discussed in Sect. 3.2, the fossil fraction of samples from
1940 is comparable to that of recent urban aerosol samples
from Zürich.

3.5 Special events

Four episodes are discussed in detail (Fig. 5: red (I–III) and
blue (IV–V)):

I–III) High OC/EC ratios are characteristic for the com-
bustion of wood (Szidat et al., 2006). We observed a base-
line OC/EC ratio of 1.5±0.3 (1σ). This ratio is significantly
higher in the 1670s (I: 4.9,), from 1770 to 1790 (II: 2.7),
in the 1810s and in 1840–1875 (III: 2.5 and 4.7). Ice core
data from Mt. Logan together with other data suggest a hemi-
spheric signal of the rapid rise of biomass clearing and burn-
ing associated with agrarian activities in Northern America
(Holdsworth et al., 1996). In the Mt. Logan core, this event
was observed in BC concentrations. However, the peaks are
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Fig. 5. Records of different tracers for biogenic emissions (red)
and anthropogenic emissions (blue) together with the OC/EC ratio
for the years 1650–1940. OCb and ECb represent the biogenic and
OCf and ECf the fossil contribution to these fractions. The uncer-
tainties of the presented concentration curves (weighted averages)
are 6% and 21% for OCb/f and ECb/f , respectively. The hatched
areas in the OC/EC ratio record indicate events of wood combus-
tion. The red coloured (I–III) and blue coloured areas (IV–V) high-
light special events (see Sect. 3.5).

in good agreement with the increase in OC concentrations
observed here and in elevated OC/EC ratios after 1800 and
around 1850 (III). For the peak around 1780 (II), we assume
a regional, much smaller source of wood combustion based
on the lower OC concentration and OC/EC ratio. The sig-
nal observed in the second half of the 17th century (I) looks
similar to III. There is no detailed knowledge or data about
large land clearing and forest fires which could have led to a
hemispheric or at least continental signal for these times.

IV) Between 1870 and 1900 we observed strongly increas-
ing and finally very high OCf concentrations (about a factor
8 higher than the natural background). The lowest fM mea-
sured during this time period was 0.2 compared to 0.6 in re-
cent aerosol samples from Zürich. Prepared filters from these
ice layers showed a black coating, visibly different from
a normally observed beige, brown, or slightly grey colour-
ing. After 1870, the railway around Interlaken (Bödelibahn,
1872–1874) was integrated into the Swiss railway network
(1888, 1890). After 1891, four mountain railways (Mürren,
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1891; Schynige Platte, 1893; Wengeneralp, 1893; Kleine
Scheidegg, 1893, 2000 m a.s.l.) were built (Pfister, 1995),
all of them located within 10 to 20 km of the FH (see Fig. 1).
They were operated by steam locomotives, which were most
probably the sources for the observed high OCf concentra-
tions during this time. The decrease of OCf concentrations
is explained by the stepwise electrification of these railways
after 1900.

V) At the time of decreased consumption of fossil fuels
during the 1920s due to the world economic crisis, ECf is
clearly lower, whereas this is less pronounced in the sulphate
record and seems to be underestimated by the reconstructed
emission data. As discussed in Sect. 3.4, the observed de-
crease in OCf most probably reflects the transition from hard
coal to petroleum.

3.6 Comparison of emission estimates and ice core data

Our results of biogenic and anthropogenic contribution to OC
(OCb, OCf ) and EC (ECb, ECf ) (see online supporting ma-
terial, Tables S1 and S2:http://www.atmos-chem-phys.net/
6/5381/2006/acp-6-5381-2006-supplement.pdf) were com-
pared with the dataset on historical emission inventories of
carbonaceous particles from Junker and Liousse (2006) for
the overlapping time period (1860–1940). The records are
in good agreement for the according pairs of components
(i.e. OCb/biofuel OC; ECb/ biofuel EC, OCf /fossil OC and
ECf /fossil EC). However, one should be aware, that (i) the
results presented by Junker and Liousse (2006) included
emissions on a global scale, whereas our archive represents
emissions on a regional (mid-European) scale. Thus, periods
which are influenced by a local source in the ice core record
can not directly be compared. (ii) The emission inventory
considers only estimations for fossil-fuel and bio-fuel con-
sumption, but neither for primary nor for secondary biogenic
(vegetation) OC formation. This leads to an underestima-
tion of the biogenic contribution to OC. Large differences
between emission estimates and our results were accordingly
found for the relative fossil and biogenic OC contribution in
1860. Whereas the inventory dataset still suggested fossil
sources to be most important for OC emissions, radiocarbon
determination reveals that∼90% of OC originated from bio-
genic sources or bio-fuel burning. This underlines that bio-
genic OC significantly contributes to the total carbonaceous
particle burden not only during the beginning of the industrial
era but also today (Szidat et al., 2004b). (iii) Finally, car-
bonaceous particles were extracted by filtration from melted
ice and water soluble OC could thus not be analyzed. Never-
theless, the two records are complementary and an extension
of the covered time scales is achievable.

4 Conclusions

A long-term record of the two water insoluble main frac-
tions of carbonaceous particles (EC and water-insoluble OC)
is presented, based on the analysis of ice core samples ex-
tracted from the Fiescherhorn glacier in Switzerland. A
new method, combining concentration measurements and
14C AMS analysis of these fractions was applied for the
first time on ice samples, covering the time period 1650–
1940. This method allowed a distinction between the bio-
genic and anthropogenic contribution in ancient carbona-
ceous particles. OC was found to approach a purely biogenic
origin before∼1850. Concentrations in 1940 were about
a factor of 3 higher than the biogenic background level of
24µg kg−1 icewith a standard deviation of 7µg kg−1. This
can be mainly attributed to the additional anthropogenic con-
tribution from the combustion of fossil fuels with about 45%.
For pure biogenic and pure fossil OC we determined aδ13C
value of−23.4±0.4‰ and−28.4±1.2‰, respectively. This
parameter showed to be an additional and useful tracer for
different biogenic and fossil carbon emissions, as a mixing of
sources leads to a variation inδ13C. The biogenic EC back-
ground concentration was 6µg kg−1 ice with a standard de-
viation of 1µg kg−1. In 1940, the fossil contribution to EC
was 83±2%. Thus, the additional anthropogenic input of at-
mospheric EC could be determined with 50±9µg kg−1 ice
for this time.

Acknowledgements.We thank the Swiss National Science Foun-
dation for supporting this study through its National Center of
Competence in Research (NCCR) on Climate. We are grateful
to the Paul Scherrer Institut and the Swiss Federal Institute of
Technology, jointly operating the Z̈urich AMS facilities. Special
thanks go to the members of the expedition, who made this study
possible by the extraction of the Fiescherhorn-Glacier ice core
under harsh conditions.

Edited by: Y. Balkanski

References

Baltensperger, U., Schwikowski, M., Jost, D. T., Gäggeler, H.
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