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A B S T R A C T

A continuous record of 29 trace elements (TEs) has been constructed between 1650 and 1991 CE (Common Era)
from an ice core retrieved in 1992 from the Guliya ice cap, on the northwestern Tibetan Plateau. Enrichments of
Pb, Cd, Zn and Sb were detected during the second half of the 19th century and the first half of the 20th century
(∼1850–1950) while enrichments of Sn (1965–1991), Cd and Pb (1975–1991) were detected during the second
half of the 20th century. The EFs increased significantly by 20% for Cd and Sb, and by 10% for Pb and Zn during
1850–1950 relative to the pre-1850s. Comparisons of the Guliya TEs data with other ice core-derived and
production/consumption data suggest that Northern Hemisphere coal combustion (primarily in Western Europe)
is the likely source of Pb, Cd, Zn, and Sb during the 1850–1950 period. Coal combustion in Europe declined as oil
replaced coal as the primary energy source. The European shift from coal to oil may have contributed to the
observed Sn enrichment in ∼1965 (60% EF increase in 1975–1991), although regional fossil fuel combustion
(coal and leaded gasoline) from western China, Central Asia, and South Asia (India, Nepal), as well as Sn mining/
smelting in Central Asia, may also be possible sources. The post-1975 Cd and Pb enrichments (40% and 20% EF
increase respectively in 1975–1991) may reflect emissions from phosphate fertilizers, fossil fuel combustion,
and/or non-ferrous metal production, from western China, Central Asia, and/or South Asia. Leaded gasoline is
likely to have also contributed to the post-1975 Pb enrichment observed in this record. The results strongly
suggest that the Guliya ice cap has recorded long-distance emissions from coal combustion since the 1850s with
more recent contributions from regional agriculture, mining, and/or fossil fuel combustion. This new Guliya ice
core record of TEs fills a geographical gap in the reconstruction of the pollution history of this region that
extends well beyond modern instrumental records.
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1. Introduction

Anthropogenic emissions (e.g., greenhouse gases, trace elements) to
the atmosphere have dramatically increased since the Industrial
Revolution in the 19th century. Trace elements (TEs) are emitted to the
atmosphere from both natural sources including wind-borne dust par-
ticles, sea salt, volcanoes, forest fires and biogenic emissions (Nriagu,
1989a) and anthropogenic processes such as fossil fuel combustion,
mining, ferrous and non-ferrous metal production, and waste in-
cineration (Pacyna and Pacyna, 2001; Marx and McGowan, 2010). It
was estimated that during the mid-1990s fossil fuel combustion (pri-
marily coal and oil) was the dominant source of atmospheric TEs
worldwide followed by metal production processes and mining (Pacyna
and Pacyna, 2001; Marx and McGowan, 2010). Currently, coal, oil, and
natural gas, are still the primary sources of global energy (BP, 2016).
Coal has been an important fossil fuel since the onset of the Industrial
Revolution and is expected to continue in wide use due to its abundant
reserves around the world (Shafiee and Topal, 2009; BP, 2016).

High temperature processes such as fossil fuel combustion and
pyrometallurgy generate fumes and fine particles (< 0.1 μm–10 μm)
containing toxic metals (e.g., Cd, Zn, Pb) (Sobanska et al., 1999;
Ohmsen, 2001) that if not captured by emission controls can have an
atmospheric residence time of ∼10 days, giving them sufficient time to
be transported over long distances and subsequently deposited far from
their emission sources (Quinn and Ondov, 1998; Pacyna and Pacyna,
2001; Marx and McGowan, 2010). Trace elements can have adverse
effects on humans and other terrestrial and aquatic organisms de-
pending on their toxicity and bioavailability (e.g., physical and che-
mical form).

Atmospheric TE monitoring programs, along with emission in-
ventories, have been conducted in recent decades (Nriagu, 1989a;
Olendrzynski et al., 1996; Pacyna and Pacyna, 2001; Tian et al., 2015).
However, they lack pre-1900 information which is necessary to con-
textualize current atmospheric changes. Natural archives that receive
only atmospheric input and that are geomorphically stable such as lake
sediments, peat bogs and ice cores are best to reconstruct records of
past atmospheric metal depositions (Cooke and Bindler, 2015; Gabrielli
and Vallelonga, 2015; Hansson et al., 2015; Marx et al., 2016). These
archives provide different advantages/disadvantages as explained
below.

Lakes and ombrotrophic peat bogs are widespread around the world
whereas ice fields are confined to polar and high altitude regions. Lakes
and peat bogs are easier to access and sample. Because of their location,
lake sediments and peat bogs provide local/regional information al-
lowing the study of small and medium scale variability while glaciers
receive long-range inputs recording large-scale variability. Glaciers are
fed exclusively by atmospheric inputs which is a great advantage to

study atmospheric metal depositions compared to peat bogs and lake
sediments which can be subjected to both atmospheric and terrestrial
inputs. Peat bogs, as opposed to ice cores, are dated based on indirect
methods such as 14C, decreasing their chronology precision. Other than
TEs, several additional parameters (e.g., dust particles concentrations,
soluble ions concentrations) can be measured in ice cores in co-regis-
tered samples to have a better understanding of the possible sources.
Moreover, much higher temporal resolution can be achieved in ice
cores (seasonal/annual) compared to peat bogs (decadal to centennial)
and to lake sediments (decadal/centennial to millennial) (Shotyk, 1996;
Shotyk et al., 1998; Martıńez Cortizas et al., 2002; Kylander et al.,
2010; Ferrat et al., 2012; Bradley, 2015; Cooke and Bindler, 2015;
Gabrielli and Vallelonga, 2015; Hansson et al., 2015; Shotyk et al.,
2017) making ice cores an extremely useful tool to study past atmo-
spheric pollution.

Glaciers and ice sheets preserve atmospheric species that are de-
posited as snow accumulates over time, thus creating valuable records
of past climatic/environmental conditions. Glaciers act as sinks of at-
mospheric species, but they can also serve as sources by releasing TEs in
meltwater (Zhang et al., 2015a) which may affect the people who de-
pend on glacial meltwater. Ice cores from polar glaciers and ice sheets
have been used to obtain TE records. However, only a few non-polar ice
core records (Hong et al., 2009; Kaspari et al., 2009; Lee et al., 2011;
Eichler et al., 2014; Gabrielli et al., 2014; Uglietti et al., 2015; Wang
et al., 2016; Beaudon et al., 2017) provide continuous information back
to pre-industrial times. Thus, ice core records of TEs from mid- and low-
latitudes are needed to assess the spatial and temporal extent and levels
of pollution in the environment. This information can be used by
modelers to assess pollution transport at local, regional, and global
scales and by policy makers to develop strategies and policies to reduce
their emissions.

The Tibetan Plateau (TP) comprises ∼46,000 glaciers in an area of
∼100,000 km2 (Yao et al., 2012). These glaciers collectively contain
the largest natural reservoir of ice outside of the Polar Regions and are
the primary source for major rivers in Asia. The Guliya ice cap
(35°17′N, 81°29′E; 6200 m asl) located in the western Kunlun Moun-
tains on the Qinghai-Tibetan Plateau, China (Fig. 1), is the largest
(> 200 km2) ice cap in the subtropical zone. Guliya resembles a “polar”
ice cap with low temperatures and low precipitation (Thompson et al.,
1995, 1997).

The atmospheric circulation over the TP is controlled by the East
Asian and South Asian summer monsoons, the westerlies that ulti-
mately originate over the North Atlantic, and their interactions
(Schiemann et al., 2009; Yao et al., 2013; Maussion et al., 2014). The
pronounced seasonality on the TP affects the intensity and position of
the westerly jet. During winter (December–February), the westerlies are
strong and dominate over the TP as the result of a geopotential height

Fig. 1. Left: Map showing the locations of the Guliya Ice Cap (star) and other ice cores discussed in the text: 1. Muztagh Ata (East Pamirs); 2. Inilchek (Tien Shan); 3. Belukha (Siberian
Altai); 4. Miaoergou (Eastern Tien Shan); 5. Puruogangri (Central Tibet); 6. Everest (Himalayas); 7. Colle Gnifetti (Alps); 8. Summit (Greenland); 9. ACT2 (Greenland); 10. Devon Island
(Canadian High Arctic). Right: inset of the TP region showing the different ice core sites.
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gradient in the region. The TP is mostly dry during the winter season
(Tian et al., 2007; Schiemann et al., 2009; Maussion et al., 2014). In
summer (June–August) the monsoon changes the atmospheric circula-
tion over the TP. The westerlies weaken and their main axis shifts to the
north ∼40–42°N (Schiemann et al., 2009; Maussion et al., 2014),
whereas the northern limit of the monsoon reaches ∼34–35°N (Tian
et al., 2007). The westerly flow splits during summer into a north and
south branch due to the topography and the Tibetan low. Guliya, lo-
cated at 35°17′N, is dominated by the westerlies during winter while
during summer it experiences a combination of southerly (monsoonal)
and westerly flows due to the shift of the westerly jet to the north and
the monsoon onset (Fig. 2). Guliya receives most of its precipitation
(∼80%) during spring (March–May) and summer, and the rest during

winter (Schiemann et al., 2009; Maussion et al., 2014). The precipita-
tion over Guliya seems to result from continental water recycling
through convective activity (Numaguti, 1999; Tian et al., 2001;
Maussion et al., 2014). Because of its continental location on the
northwestern side of the Tibetan Plateau and the dominance of the
westerlies, the Guliya ice cap is expected to be unaffected by the fallout
of anthropogenic trace metals originating from inner Asia (eastern
China) but to record trace metal emissions from western countries.

Trace element ice core records from the Himalayas and Tibet have
shown regional anthropogenic inputs mainly during the second half of
the 20th century. Increases of Pb, As, Mo, Sn, Sb, Bi, U, and Cs in Mt.
Everest since ∼1970s were attributed to fossil fuel combustion from
India and Nepal (Hong et al., 2009; Kaspari et al., 2009; Lee et al.,

Fig. 2. NOAA HYSPLIT 7-day back trajectories frequency plots for every day of January (middle of the dry season) and of July (middle of the wet season) using NCEP Reanalysis 1 for the
1948–1992 period (Stein et al., 2015; Rolph et al., 2017). Frequencies are shown by areas shaded from white and dark blue (high frequency) to orange and yellow (low frequency). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2011). The Belukha glacier in the Altai region shows increases of Cd,
Cu, Sb, Zn, and Pb between 1935 and 1980 CE (Common Era; hence-
forth all dates are in CE) from non-ferrous metal production and fossil
fuel combustion from the Soviet Union (SU) (Eichler et al., 2012, 2014).
Anthropogenic emissions (e.g., non-ferrous metal production and fossil
fuel combustion) from Central Asia and western China were observed in
ice core records from Inilchek in Central Tien Shan (Grigholm et al.,
2016), Miaoergou in the eastern Tien Shan (Liu et al., 2011; Wang
et al., 2016), and Muztagh Ata in the Eastern Pamirs (Li et al., 2006) as
increases of Pb, Cd, Cu, Sb, Bi, Tl, and Sn after 1950s. And more re-
cently, anthropogenic emissions from the SU between 1930 and 1980s
as well as recent pollution depositions from India and China were de-
tected in Puruogangri, Central Tibet, (Beaudon et al., 2017). Also in
Central Tibet, a ∼1500–1990 ice core-derived Hg record from Mt.
Geladaindong shows an increase since the Industrial Revolution to 1982
(top of the record) reflecting recent pollution from South Asia (Kang
et al., 2016). These Himalayan/Tibetan ice core records have greatly
contributed to study pollution in the region. However, only a few of
them (Belukha, Mt. Everest, Puruogangri and Geladaindong) cover at
least part of the pre-industrial period, which is essential to assess pol-
lution trends that extend beyond modern instrumental records and
emission inventories. This leaves an important geographical gap in the
Northwestern TP that the Guliya TE ice core record can bridge.

Here we present TEs records (concentration, enrichment factor (EF),
and excess (Ex) concentration) spanning the period 1650–1991 from
the Guliya ice core to assess their natural and anthropogenic sources
throughout this period. The Guliya TEs records are the only records
from the Northwestern TP that cover the pre-industrial period, thus
filling a critical geographical and temporal gap in the investigation of
atmospheric emissions sources and their geographical origin both be-
fore and after the Industrial Revolution.

2. Methods

2.1. Ice core

Three ice cores (93.2, 308.6, and 34.5 m) were recovered from the
Guliya ice cap (35°17′N, 81°29′E; 6200 m asl; Fig. 1) in 1992 as part of
an American-Chinese expedition. Details of the drilling operation can
be found in Thompson et al. (1995). The mean accumulation rate at the
site is∼0.2 m water equivalent per year (Thompson et al., 1995, 1997).
The timescale in this study is based on annual dust layer counting
(Thompson et al., 1995, 2006a; Davis, 2002) and is constrained at
5.4 m to the year 1963 where the beta radioactivity rose above the
natural background in response to thermonuclear tests by the former
SU.

2.2. Sample preparation and analysis

2.2.1. Ice samples
The TE analysis of the Guliya ice core was performed continuously

from the depth of 0.96 m (corresponding to the year of 1991) to
59.33 m (corresponding to the year of 1645) from Core 2 (308.6 m).
The top 0.96 m consisted of firn and there was not enough material
(mass) to be processed. A total of 1348 ice samples were cut with a
band saw in a cold room at −5 °C. The sample length varied from
2.5 cm to 16 cm (Figure A1a) depending on the resolution needed and
the ice mass available. Ice core sampling was sub-annually resolved
from 1750 to 1991 and annually/multi-annually resolved from 1645 to
1750 (Figure A1b). Samples were decontaminated in a class 100 clean
room by triple rinsing with ultrapure water (18.3 MΩ) (Gabrielli et al.,
2014; Uglietti et al., 2014, 2015). The samples were melted at room
temperature in acid pre-cleaned (Candelone et al., 1994; Gabrielli et al.,
2014) low-density polyethylene (LDPE) bottles (Nalgene) then trans-
ferred to acid pre-cleaned LDPE vials and acidified with optima grade
HNO3 (Fisher Scientific) to obtain a final concentration of HNO3 2% (v/

v). The acidified samples were kept in a class 100 clean room for 30
days to allow the acid to leach the TEs. Samples were then analyzed or
frozen until analysis (Uglietti et al., 2014, 2015).

The samples were analyzed by Inductively Coupled Plasma Sector
Field Mass Spectrometry (ICP-SFMS) (Element 2, Thermo Finnigan)
coupled with a desolvation introduction system (Apex Q, ESI) (Uglietti
et al., 2014). Twenty-nine TEs were determined: Ag, Al, As, Ba, Bi, Cd,
Co, Cr, Cs, Cu, Fe, Ga, Li, Mg, Mn, Mo, Na, Nb, Ni, Pb, Rb, Sb, Sn, Sr, Ti,
Tl, U, V, and Zn.

External calibrations were performed at the beginning and end of
the analytical session as well as in the middle of the session when more
than 30 samples were analyzed. Procedural blanks were prepared as
described by Uglietti et al. (2014) to determine any possible con-
tamination during the sample preparation. Procedural blanks were
below 2% of the median concentration for all TEs (except Nb (9%)) and
thus were negligible. Limits of detection were determined as 3 times the
standard deviation of 10 measurements of a blank (optima HNO3 2%
ultrapure water solution) and ranged from 0.01 pg/g for Ag, Cd, Sb, Cs,
and Bi to 204 pg/g for Fe and 361 pg/g for Na, which are in agreement
with those previously obtained (Gabrielli et al., 2014; Uglietti et al.,
2014; Beaudon et al., 2017).

ICP-SFMS accuracy was assessed every day of analysis using a cer-
tified material solution (TMRain-95, Environment Canada), which was
diluted by a factor of ∼20. The concentrations measured were within
the uncertainty range of the certified concentrations. The instrument
precision was measured by re-analyzing 16 different Guliya ice samples
several months after the first analysis. The precision ranged within
4–10% for all TEs except Nb and Sn (17%), and Ag (22%).

2.2.2. Potential source area (PSA) samples
Dust samples collected from 8 different sites during 1992 and 2015

in the vicinity of the Guliya ice cap were used to represent the potential
source area (PSA) of the TEs deposited on the ice cap (Figure A2). PSA
samples were prepared by adding between 0.1 g and 0.5 g of dust to a
250-ml acid pre-cleaned LDPE bottle containing ultrapure water. Before
adding the dust to the ultrapure water, three aliquots of 10 ml of ul-
trapure water were transferred from the 250-ml bottles into three acid
pre-cleaned LDPE vials and used as procedural blanks. After adding the
dust, the bottles were shaken and let sit for 2 min to allow the large
particles to settle. The supernatant solution, containing particles with a
size comparable to that of aeolian dust entrapped in the ice, was sam-
pled by pipetting three aliquots of ∼10 ml into three acid pre-cleaned
LDPE vials. Procedural blanks and samples were prepared and analyzed
by ICP-SFMS similarly to the ice samples. The TE concentrations of the
procedural blank replicates were averaged and subtracted from each
PSA sample before obtaining the final PSA average.

2.3. Enrichment factor (EF) and potential source area (PSA)

To determine whether the TE concentrations measured are of
crustal or non-crustal origin, EFs and Ex concentrations were calcu-
lated. EFs were obtained from the equation = ⁄ ⁄EF TE Fe TE Fe[ ] /[ ]ice PSA
where is the TE mass ratio in the ice sample using Fe as a crustal ele-
ment and ⁄TE Fe[ ]PSA is the corresponding ratio in the Guliya PSA. The
EF absolute values depend on the crustal TE used as a reference (e.g.,
Fe, Al, Ba) and on the crustal reference adopted (e.g., upper continental
crust (UCC), PSA) (Krachler et al., 2005; Marx et al., 2016).

Fe is used here as a crustal element because (1) it is the crustal
element with the highest abundance in the Guliya PSA and in the Guliya
ice samples; (2) Fe concentrations are relatively stable and abundant
(6% (Wedepohl, 1995)) in rocks and soil; and (3) it is determined with
high precision (6%) and accuracy (3%) (Uglietti et al., 2014). A mul-
tivariate analysis of TE concentrations (Table A1) confirms that Fe, Al,
Mg, and Ba are of crustal origin. Fe is highly correlated with Al
(r = 0.98), Mg (r = 0.98), and Ba (r = 0.94) and the EFs of Al (Fig. 3),
Mg, and Ba are constant (close to 1) throughout the period studied here.
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The EFs of the Guliya ice samples were also determined using Al, Mg,
and Ba as crustal elements and no significant differences were observed.
Thus, using Fe as a crustal element to calculate EFs does not influence
our results.

The TE mean composition of the UCC (Wedepohl, 1995) is often

used to calculate EFs. However, there are some uncertainties associated
with its use. First, the UCC concentrations were obtained by X-ray
fluorescence spectrometry and atomic absorption spectroscopy (Shaw
et al., 1967, 1976) providing total elemental concentrations while the
2% acidification used in this study releases only a fraction of the total

Fig. 3. Five-year median concentrations and instrumental standard deviation, excess (Ex) concentrations, and enrichment factors (EF) including propagated uncertainty (Miller and
Miller, 2010) of Pb, Cd, Zn, Sb, Sn, and Al between 1650 and 1991. Dust particle concentrations (solid line) for particles 0.63–20 μm (Thompson et al., 1997) are shown in the Al top panel
for comparison. The horizontal dotted lines show the 1650–1991 concentration (top panels) and EF medians (bottom panels). The vertical dotted line marks the onset of Pb, Cd, Zn, and
Sb enrichment observed post-1850s.
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TEs in the sample (Uglietti et al., 2014). Second, a large variability may
be introduced when using the UCC due to differences in chemical
composition from the local dust.

The geochemical composition of the TP dust is characteristic of this
region (Li et al., 2009) when compared with the average terrestrial dust
composition (UCC) and within the TP (Wu et al., 2009a, 2009b). Li
et al. (2009) found that TP soils are enriched in As, Cs, and Bi relative to
the UCC especially in the aeolian-like fraction (< 20 μm). Wu et al.,
(2009a) determined that Ca/Al and Fe/Al rations from dust aerosol
samples at Muztagata (4430 m asl) in the Eastern Pamirs were distinct
from Central Tibet (Inilchek). Thus, adopting the PSA (aeolian fraction)
as a reference and preparing it similarly to the ice core samples reduces
the uncertainties associated with the use of the UCC and eliminates
analytical uncertainties.

When using UCC as a reference, an EF threshold of 10 is commonly
used to discriminate between crustal and non-crustal sources (Zoller
et al., 1974; Duce et al., 1975). When using the local dust as a reference,
an arbitrary EF threshold (e.g., 10) is no longer required (Krachler
et al., 2005; Hong et al., 2009; Uglietti et al., 2015; Marx et al., 2016;
Beaudon et al., 2017).

EFs calculated relative to the PSA from non-crustal contributions are
much smaller than those obtained using the UCC (Krachler et al., 2005;
Hong et al., 2009; Uglietti et al., 2015; Beaudon et al., 2017) since the
PSA TE composition is a close representation of the background crustal
composition in the ice. As an example, the Sb EF is used here to de-
monstrate some of the differences between using UCC and local dust as
references. The Sb EFUCC and the EFPSA in a sample from ∼1933 is∼32
and 5 respectively. The former suggests anthropogenic sources and the
latter crustal sources if the typical EF threshold of 10 is used. However,
the EFPSA is significantly higher than the pre-1850 EF median of 0.7
suggesting anthropogenic sources even though the EF value is < 10.
Both Sb EFs (EFUCC and EFPSA) increased by a factor of ∼7 in that 1933
sample compared with the pre-1850 period. Therefore, to determine if a
TE is enriched in a record like the Guliya ice core, it is necessary to have
the pre-industrial period (1650–1750 in Guliya) to provide the natural
background. A TE can be considered enriched when its EF is sig-
nificantly higher (Mann-Whitney test: p < 0.0005 for medians) than
pre-industrial or background levels and when a sustained trend is ob-
served in a record (Marx et al., 2016). While we show these deviations
are significant, excess (Ex) concentration of the TEs was used to further
corroborate the EF results.

2.4. Excess (Ex) concentration

Excess concentrations were obtained using the equation

= − ×−Ex TE TE Fe Fe[ / ] [ ]ice pre industrial ice ice

where [TE/Fe]pre-industrial ice corresponds to the median mass ratio of the
TE of interest to Fe over the 1650–1750 period (assumed as the pre-
industrial background at Guliya).

Thus, two different approaches, using independent standards, are
employed to determine if the TE is of crustal or non-crustal origin. In
the first approach, the Guliya PSA is used as a crustal reference to ob-
tain the EF, and in the second approach the pre-industrial elemental
composition in the Guliya ice core record between 1650 and 1750 is
used to determine the Ex concentration. Here, only TEs that display
significant increases (per the Mann-Whitney test: p < 0.0005) of both
EF and Ex concentration are considered enriched. This study focuses on
the non-crustal origin of the enriched TEs (Pb, Cd, Zn. Sb, and Sn).

2.5. Statistical analysis

A multivariate factor analysis was performed using Minitab 17 on
the entire data set of ranked concentrations using the varimax rotation
(Gabrielli et al., 2008, 2014). A multivariate Ward hierarchical cluster
analysis was applied to the matrix of the first three factors using

Euclidean distance to better visualize the association of TEs (Gabrielli
et al., 2008, 2014) during the entire period (1650–1991) and during the
pre-1850 and post-1850 periods (1850–1950, 1950–1991).

In this analysis and the accompanying graphs, median values are
used to avoid outliers (e.g., from possible dust events), which may skew
the results. Five-year median concentrations and EF values were cal-
culated using the data comprised within the 5 years before the assigned
date. For example, the median value linked to the year 1970 was
computed using the values between 1965 and 1969.

3. Results and discussion

3.1. Natural sources

A statistical summary of concentrations, EFs and Ex concentrations,
is presented in Tables A2-A4 for the pre-1850 and the two post-1850
periods (1850–1950; 1950–1991). Concentrations of typical crustal TE
covary with dust (Fe: r = 0.68, p < 0.001; Al: r = 0.65, p < 0.001)
since they are derived mainly from mineral dust (Tables A1, A2). The
multivariate analysis of TE concentrations (Table A1) was performed to
extract shared variance amongst TEs and to help identify general
sources. Three factors were obtained corresponding to 70%, 19%, and
7% of the total variance of the 29 TEs (Table A1). Factor 1 is strongly
loaded in crustal elements (Ag, Al, As, Ba, Bi, Co, Cr, Cs, Cu, Fe, Ga, Mg,
Mn, Nb, Ni, Rb, Ti, Tl, V, Fe, Tl, and V). Factor 2 is mainly loaded by the
evaporite minerals Na (halite, NaCl) and Sr (celestite SrSO4) (Merian
et al., 2004). Both Na and Sr have been detected in saline lakes of the
Qinghai TP, east of Guliya (Zheng and Liu, 2009), and in snow melt
from the Tien Shan mountains (Le Callonnec et al., 2005). Factor 2 is
also loaded to a lesser extent in Mo, Li and Ti. Mo is associated with
granitic rocks, and its principal mineral molybdenite (MoS2) is asso-
ciated with Fe and Ti (Merian et al., 2004) explaining the relatively
high load of Ti in Factor 2. Li is a typical evaporite in saline lakes of the
TP (Zheng and Liu, 2009). The Amu Darya river, fed by the Pamirs
meltwater flows northwest to the Aral Sea, passes along Afghanistan,
which is rich in mineral deposits such as Mo and Li and minerals like
calcite, gypsum, celestite, and evaporites (Kokaly et al., 2011; Stone,
2014). The river discharges dissolved TEs such as Mo that can become
evaporatively enriched in aquatic systems forming oxy-anions
(Schettler et al., 2013). Thus, Mo in the form of evaporite oxy-anion
may reach Guliya along with other evaporite elements such as Na and
Sr. Factor 3 is loaded by Cd, Sb, and Zn suggesting their anthropogenic
origin as discussed in Section 3.2.

The Guliya dust concentrations are among the highest in the TP
ranging between 4.5 × 104 and 1 × 108 particles/ml with a median of
3.8 × 105 and an average of 1 × 106 particles (0.63–20 μm diameter)/
ml (Fig. 3) between 1650 and 1991 (Thompson et al., 1995; Davis,
2002). Thus, TE concentrations are very large. For example, Al (Fig. 3)
and Fe concentrations range between 0.03 μg/g to 6 and 11 μg/g, re-
spectively (Table A2).

Fig. 3 shows 5-year median concentration time series of Pb, Cd, Zn,
Sb, Sn, and Al. Fig. 3 and Table A2 show that post-1850 concentrations
of Pb, Cd, Zn, and Sb are higher than the pre-1850 concentrations. The
median concentrations during the 1850–1950 period increased by 30%
(Sb), 20% (Cd and Zn), and 10% (Pb) (Table A2).

Dust is the most abundant aerosol around the TP (Kuhlmann and
Quaas, 2010) with local and remote deserts as its main sources (Sun
et al., 2001; Zhang et al., 2001; Wu et al., 2009a, 2009b). Zhang et al.
(1996) determined that ∼70% of the aerosol dust particles in Tibet is
from local dust sources with the rest originating from distant sources.
Wu et al. (2009a) determined that the rare earth elements compositions
of the dust entrapped in an ice core from Muztagata glacier (6250 m
asl) and that of aerosols collected just below the glacier (4430 m asl)
are similar suggesting common provenance. In the case of Guliya, the
TE composition of the ice core samples was compared with that of the
Guliya PSAs. The EFUCC for all eight PSA samples show enrichment in
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As and Bi (Figure A3) in agreement with Li et al. (2009). In addition to
As and Bi, we found that Sb is also enriched in the Guliya PSAs (Figure
A3-A4). An EFUCC average of the eight PSAs was determined for all TEs
and compared to the TE EFUCC medians of the Guliya ice calculated over
the entire record (Figure A4). All Guliya ice EFUCC values for all TEs are
comparable to those of the PSA suggesting the main source of dust
deposited on Guliya likely originates from the soils around the ice cap,
supporting the use of the Guliya PSA to discriminate non-crustal
sources.

The TEs concentrations in Guliya decrease after ∼1960 (Fig. 3).
This decrease in concentration is likely associated with a decline in dust
input as observed in other studies. For instance, a decrease in dust/TEs
was observed in the Geladaindong ice core (Grigholm et al., 2015;
Zhang et al., 2015b) and the Puruogangri ice core (Thompson et al.,
2006b; Beaudon et al., 2017) from Central Tibet. The decrease in dust
input can be the result of a reduction in the frequency of dust storms
after the 1960s - 1970s such as those detected in central Asia (Indoitu
et al., 2012), northern China (Qian et al., 2002), and northwest China
(Zhao et al., 2013).

3.2. Anthropogenic sources

As stated above, two approaches (EF and Ex concentrations) are
used in this study to determine if a TE is enriched (of non-crustal origin)
in the dust-laden Guliya ice core. Despite the disadvantageous high dust
concentrations to discern crustal from non-crustal sources, significant
enrichments for Cd, Sb, Sn, Pb, and Zn were observed at different times
during the post-1850 period (Fig. 3).

The EF and Ex concentrations of Pb, Cd, Zn, Sb, and Sn in Guliya are
shown in Fig. 3. The EFs and Ex concentrations for all TEs for the
periods studied here are presented in Appendix A (Table A3, A4). En-
richment of these five TEs occurs during all (Pb, Cd, and Sb) or some
part (Zn and Sn) of the 1850 to 1991 period, yielding different temporal
patterns. Pb, Cd, and Sb (Sb to a lesser extent) are enriched over the
entire period while Zn is enriched primarily from 1900 to 1950 and Sn
enrichment is restricted almost exclusively to the post-1950 interval.

To investigate the possible anthropogenic emission sources of the
observed TEs enrichments during the late 19th and the 20th centuries,
the Guliya TE records are compared with other ice core records as well

as production, consumption, and/or information from emission data-
bases and inventories. For a homogenous comparison, the EFs of the
different records (including Guliya) are standardized and presented as
z-scores.

3.2.1. Pb, Cd, Zn, and Sb from coal combustion (∼1850–1950)
Coal combustion fly ash is enriched in TEs such as Cd, Sb, Pb, and

Zn among others (Xu et al., 2004; Reddy et al., 2005). For example,
Pacyna and Pacyna (2001) estimated that during the mid-1990s, coal
combustion was the largest single source of anthropogenic Sb (∼50%
of total Sb emissions), the second major source of Cd and Zn, and the
third major source of Pb (leaded gasoline being its main source during
the 1990s) worldwide. The multivariate factor analysis (Table A1) and
cluster analysis of TEs during the periods studied here suggest that Zn is
linked to Cd and Sb during the 1850–1950 period (Figure A5). In coal
combustion fly ashes, Cd, Sb, and Zn are associated primarily with the
coal sulfide fraction possibly explaining their linkage in the cluster
analysis. In contrast, Pb in coal is usually associated with the clay mi-
nerals and feldspar fraction and therefore it does not cluster with Zn,
Cd, or Sb (Xu et al., 2004). Therefore, synchronous depositions of Cd,
Sb, Pb, and Zn are likely linked to coal combustion, especially before
the widespread use of oil (∼1950) and the largest consumption of
leaded gasoline (∼1950s-1980s).

A comparison of the Guliya Pb EF z-scores with other ice cores at
regional and Northern Hemispheric scales is shown in Fig. 4. Pb is used
for this comparison since it is one of the most studied TEs and several
Pb records exist from different regions. Tibetan (Li et al., 2006; Liu
et al., 2011; Eichler et al., 2012, 2014; Grigholm et al., 2016; Wang
et al., 2016; Beaudon et al., 2017) and Himalayan (Hong et al., 2009;
Kaspari et al., 2009; Lee et al., 2011) ice core records show regional
anthropogenic inputs mainly since the second half of the 20th century
(Fig. 4A). Likewise, lake sediments (Jin et al., 2010; Wang et al., 2010)
and peat bogs (Bao et al., 2010, 2015) from North Eastern Tibet have
recorded rapid increases of TEs after 1960/1970 concomitant with the
exponential economic development in China and India and their use of
coal (BP, 2016). In contrast, ice core records from Devon Island
(Krachler et al., 2005; Shotyk et al., 2005) in the Canadian Arctic; ACT2
(McConnell and Edwards, 2008) and Summit (Candelone et al., 1995;
McConnell et al., 2002) in Greenland (not shown) and Colle Gnifetti in

Fig. 4. Guliya Pb EF z-scores compared on regional and hemispheric scales. A) Regional scale includes ice cores from Inilchek (Grigholm et al., 2016); Puruogangri (Beaudon et al., 2017);
Everest (Lee et al., 2011); Belukha (Eichler et al., 2014); and Miaoergou (Liu et al., 2011). B) Hemispheric scale includes ice core records from: Colle Gnifetti (Schwikowski et al., 2004),
ACT2 (McConnell and Edwards, 2008), and Devon Island (Shotyk et al., 2005). All data are five-year medians except Everest (1650–1960) which is displayed at sample resolution.
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the European Alps (Barbante et al., 2004; Schwikowski et al., 2004)
show TE increases between the late 1800s to early 1900s (Fig. 4B). On
Devon Island, the post-1900 increase of Pb and Sb EFs was attributed to
coal combustion and mining and smelting of Pb and Cu ores mostly in
Eurasia (Krachler et al., 2005; Shotyk et al., 2005). Increases of Pb and
Cd in the ACT2 ice core record correlate with black carbon measure-
ments between ∼1887 and ∼1948 and therefore were attributed to
coal combustion in Europe and North America (McConnell and
Edwards, 2008). In the Colle Gnifetti core, Pb concentrations and EFs
(Schwikowski et al., 2004), and Zn concentrations (Barbante et al.,
2004) increased above the pre-1860s background between 1860 and
1930. Pb increases in Colle Gnifetti during this period were associated
mainly with coal combustion in Europe due to the concomitant in-
creases of black carbon observed in the ice core (Lavanchy et al., 1999;
Schwikowski et al., 2004). Additionally, Pb increases observed during
the 1800s in peat bog records from Europe (Shotyk et al., 1998; Weiss
et al., 1999; Martínez Cortizas et al., 2012) were associated with the
onset of the Industrial Revolution.

Pb enrichments are observed in Guliya after the 1850s similar to
Colle Gnifetti, ACT2 and Devon Island. Marx et al. (2016) compiled Pb
records from lakes, peat mires, and ice cores from around the world and
determined that Pb, along with other metals, became globally ubiqui-
tous after ∼1850 leaving a fingerprint even in sedimentary records
with a small atmospheric contribution. The TEs enrichments observed
after the 1850s reflect the long-range transport of metals due to the
significant worldwide pollution increase that accompanied the onset of
the Industrial Revolution (i.e., ∼1840 to 1870).

Coal/oil production from the “Organisation for Economic
Cooperation and Development” European countries (OECD Europe) and
North America (HYDE, 2006a), as well as coal/oil consumption from
Europe, SU, Russia, Commonwealth of Independent States (CIS), China,
India, and North America (BP, 2016) are compared with a Guliya Pb-
Cd-Zn-Sb EF composite (Fig. 5). Coal production in OECD Europe and
North America increased since the Industrial Revolution at the end of
the 19th century reaching its maximum between∼1905 and∼1960. In
Europe, coal production decreased after 1960 due to the shift to oil and

natural gas consumption (Pacyna and Pacyna, 2001; Novakov et al.,
2003; Bond et al., 2007) whereas in North America the production and
consumption of coal has continued to increase. The coal consumption in
the SU and/or CIS peaked during the second half of the 20th century
(∼1980s) and decreased in the 1990s corresponding to the SU eco-
nomic decline (BP, 2016). More recently, China and India have in-
creased their coal consumption since 1970. The Guliya Pb-Cd-Zn-Sb EF
composite trend coincides with coal production from OECD Europe and
North America during the second half of the 19th century and the first
half of the 20th century. Combining the observations of the deposition
and emission records we suggest that, while emissions from North
America are unlikely to have reached the Guliya ice cap, European coal
combustion emissions are likely the main source of the observed Pb, Cd,
Sb, and Zn enrichments. Future Pb isotope and black carbon measure-
ments could potentially lend support for this conclusion.

A 7-day NOAA HYSPLIT back-trajectory frequency analysis was
performed over the 1948–1992 period for every day of January (middle
of the dry season) and July (middle of the wet season) to geographically
constrain the atmospheric influence at the Guliya ice cap. The back-
trajectory frequency analysis (Fig. 2) shows that, as described in the
introduction, Guliya is dominated by westerlies during the winter. The
area of influence during winter comprises Central Asia (Kyrgyzstan,
Tajikistan, Afghanistan, Pakistan, Uzbekistan, Turkmenistan), North-
western India, the Middle East, Northern Africa, Eastern, and Western
Europe. The highest density of back trajectories covers only Central
Asia whereas the lowest density extends to Western Europe and North
America. In summer, the area of influence is smaller compared to
winter. Air masses from Kyrgyzstan, Tajikistan, western China (Xinjian
province), Uzbekistan and Kazakhstan dominate the back trajectories.
Air masses from South Asia (e.g., India, Nepal, and Bangladesh) can
also reach Guliya due to the Indian monsoon influence in summer.
During 1850–1950, North America and Europe were the main coal
combustion emitters. The Guliya winter back trajectories extend to
Europe during 1948–1991 and this is likely to have been the case from
1850 to 1948. Thus, Europe, one of the two main polluters at the time,
is very likely the primary source of TE enrichment observed in the
Guliya ice core.

3.2.2. Sn, Cd, and Pb enrichments (Post-1950s)
Enrichments of Sn (20%), Cd (20%), and Pb (10%) were observed

during the post-1950s (Table A3). Sn enrichment is detected since 1965
while Cd and Pb enrichments are observed starting in 1975 (Fig. 3). Sn
EF increased significantly by 60% during 1965–1991 relative to the pre-
1850 period. Cd and Pb EFs increased significantly by 40% and 20%
respectively during 1975–1991 compared to the pre-1850 period.

3.2.2.1. Sn. A comparison of Sn EF z-scores in Guliya with the
Miaoergou and Everest ice cores shows increases of Sn in Miaoergou
(Liu et al., 2011) after the 1950s and in Everest (Hong et al., 2009) after
1970 (Fig. 6). These Sn increases were attributed to stationary fossil
fuel combustion and non-ferrous metal production from western China
and India, respectively. Guliya is primarily affected by westerlies;
however, during summer it experiences a combination of southerly
and westerly flows (Schiemann et al., 2009; Maussion et al., 2014).
Thus, air masses from India/Nepal could reach Guliya and thereby
transport pollutants from these regions (Fig. 2).

The observed Sn enrichment since 1965 could have originated from
petroleum coke (petcoke) combustion from the OECD European coun-
tries and/or from fossil fuel combustion in India and/or western China.
In fact, oil combustion, and more specifically petcoke combustion,
emits more Sn, relative to other TEs (Sb, Cd, Zn), than coal combustion
(Nriagu, 1989b). The OECD Europe shifted from coal to oil combustion
∼1960 while countries like the USA, China and India have increased
their coal consumption since ∼1970 (Fig. 4).

The History Database of the Global Environment (HYDE) (HYDE,
2006b) shows that Sn mining and smelting production (Fig. 5) in the

Fig. 5. Comparisons of Pb-Cd-Zn-Sb EFs composite (average of Pb, Cd, Zn, and Sb EF z-
scores) with coal/oil production (HYDE, 2006a) in North America and Western Europe,
and coal/oil consumption (BP, 2016) from North America, Europe, Soviet Union (SU),
Commonwealth of Independent States (CIS), Russia, China and India. EF z-scores shown
as five-year medians. The winter (December through March) NAO index is shown in the
bottom panel as 5-year medians (Hurrell, 2003). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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CIS countries has gradually increased between 1970 and 1985 whereas
Sn smelting from OECD European countries has decreased since 1960
by ∼60% (HYDE, 2006b). The CIS Sn mining and smelting are also
likely sources of Sn to Guliya as they are located upwind of the ice cap.

3.2.2.2. Cd and Pb. Current Asian emissions (1970s onwards) have
been recorded in different natural archives (ice cores, lake sediments
and peat bogs) in the region (Hong et al., 2009; Kaspari et al., 2009; Bao
et al., 2010; Jin et al., 2010; Wang et al., 2010; Yang et al., 2010; Lee
et al., 2011; Liu et al., 2011; Bao et al., 2015; Grigholm et al., 2016;
Kang et al., 2016; Wang et al., 2016; Beaudon et al., 2017). Black
carbon from coal combustion in western China was detected in
2012–2014 snow pits from Laohuguo glacier (northern TP) (Li et al.,
2016) further showing that recent coal combustion emissions from
western China are being captured by glaciers. Thus the 1975–1991
enrichments of Pb and Cd in Guliya could be the result of regional
emissions as opposed to the 1850–1950 TEs increases.

The main emission sources of Cd and Pb include fossil fuel com-
bustion and non-ferrous metal production (e.g., Zn, Cu, and Pb). The
former has been their main emission source since 1975 in Europe al-
though emissions have been decreasing progressively (Pacyna et al.,
2009). The main source of Pb worldwide and in Europe since the 1950s
has been the combustion of leaded gasoline, reaching a maximum be-
tween 1965 and 1975 and decreasing after 1975 with its progressive
phase out (Pacyna and Pacyna, 2001; Pacyna et al., 2009). Non-ferrous
metallurgy (e.g., Pb consumption, mining and smelting) reached a
maximum in 1980 and then started decreasing along with oil con-
sumption with the SU economic decline (Fig. 7) (HYDE, 2006b; Pacyna
et al., 2009), thus, TE emissions decreased simultaneously. As the Gu-
liya Cd and Pb enrichments rise above the median after the European/
CIS non-ferrous metallurgy declines (Fig. 7), this suggests different
emission sources.

Phosphate fertilizers are important emission sources of Cd, Cu, Pb,
and Ni (Nriagu and Pacyna, 1988; Nriagu, 1989b). Grigholm et al.
(2016) suggested that the Inilchek glacier may be influenced by phos-
phate fertilizer emissions from the CIS. Heavy metals such as Cd and Pb
are impurities in fertilizers derived from phosphate rocks. Phosphate
fertilizer usage increased in the CIS since 1960 (Fig. 8) (FAO, 2016).
The Aral Sea desiccation is considered one of the greatest environ-
mental disasters of the 20th century and may yield another source of Cd
and Pb for Guliya. In the 1960s, the SU diverted the Amu Darya and Syr
Darya rivers to irrigate cotton and rice fields, causing a ∼60% decrease
in area of the Aral Sea by 1998. Large amounts of fertilizers and

pesticides that were used during this time to improve crop yields settled
into the Aral Sea basin (Micklin, 1988, 2007; Issanova et al., 2015). The
Cd and Pb enrichments in Guliya coincides with the onset of CIS
phosphate fertilizer consumption and with the desiccation of the Aral
Sea (Fig. 8). The CIS phosphate fertilizer consumption decreased in
1990, while it seems that Cd and Pb in Guliya continue to increase
during 1990 and 1991, suggesting that Cd and Pb may also originate
from the exposed Aral seabed and/or from other sources.

Most of China's emissions are produced in the coastal regions
making it unlikely for the emissions to reach Guliya which is dominated
by westerlies (Tian et al., 2015). However, Kashgar and Aksu (Xinjian
province), western China, have also developed rapidly with cotton
agriculture as its main economic activity (Dai and Dong, 2016). Thus,
phosphate fertilizers from this region could have also contributed to the
Cd and Pb enrichment observed in Guliya. South Asia (India, Nepal) just
like western China (Kashgar in the Xinjian province) is in the summer
high frequency back trajectories of Guliya (Fig. 2) thus their emissions
(e.g., fossil fuel combustion, non-ferrous metallurgy and phosphate
fertilizers) likely also contributed to the Cd and Pb enrichment observed
in Guliya similar to Sn since China and India have increased their
consumption of fossil fuels (Fig. 5).

The multivariate factor analysis (Table A1) and cluster analysis of
TEs during the 1950–1991 sub-period (Figure A5) show possible lin-
kages between Cd and Pb. It is then possible that they originated from
common sources (fossil fuel combustion, non-ferrous metal production,
phosphate fertilizers, Aral seabed) from Central Asia, western China
and/or South India. On the other hand, Sn is not linked to either Cd or
Pb in the 1950–1991 dendrogram (Figure A5), however we cannot rule
out that these three TEs share common sources as the number of an-
thropogenic sources and emissions in the region have increased since
the 1970s.

Fig. 6. Sn EF z-scores comparison between the Guliya ice core record and ice core records
from Miaoergou (Liu et al., 2011) and Everest (Hong et al., 2009). Guliya Sn EF z-score is
compared with Sn smelter production (dotted curve) from CIS (HYDE, 2006b) in the top
panel.

Fig. 7. Comparison of the Guliya Pb EF z-scores with the Pb smelter production from the
CIS countries (HYDE, 2006b).

Fig. 8. Comparison of the Guliya Cd EF z-scores with the phosphate fertilizer consump-
tion (FAO, 2016) (solid black curve) in the Soviet Union and with the Aral Sea area
exposed (Micklin, 2007) (curve with filled circles).
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3.3. North Atlantic Oscillation (NAO) influence

Enrichments of Pb, Cd, Sb, and Zn were observed during the first
half of the 20th century in the Guliya ice core but between ∼1940 and
∼1970 their EFs and Ex decreased to pre-industrial levels despite the
fact that Europe was emitting its highest atmospheric TE concentrations
at this time (Pacyna et al., 2009). As previously mentioned, due to the
extremely high dust concentrations of the Guliya ice core, non-crustal
contributions may be overwhelmed and may not be as easily detected as
in other ice cores, however dust concentrations during this period re-
main at average levels. Atmospheric circulation patterns may have
played an important role during this period.

Guliya receives most of the dust particles during winter, when the
westerlies are dominant. The North Atlantic Oscillation (NAO) plays a
significant role in the atmospheric circulation in the Northern
Hemisphere (Hurrell, 1995) influencing its climate (e.g., precipitation,
air temperature, wind speed and direction) (Marshall et al., 2001; Yu
and Zhou, 2004). Impacts of the NAO extend well beyond the North
Atlantic and Europe as NAO variability has been shown to affect Middle
East precipitation (Cullen and de Menocal, 2000; Cullen et al., 2002)
and East Asia temperatures (Li et al., 2008). The NAO influence on East
Asia temperatures stems from a Rossby wave train in the upper atmo-
sphere initiated over the North Atlantic and leading to stronger cyclonic
flow in northern China (Li et al., 2008). The strength and position of
this cyclone modulates the strength of the westerlies over the TP, such
that stronger westerlies and a cooling effect in central Tibet have been
associated with a positive NAO (Wang et al., 2003; Li et al., 2005;
Zhang et al., 2015b). In the Eastern Tien Shan, the Cd and Ba con-
centration ice core records showed a negative correlation with the
winter NAO index (Wang et al., 2016).

In order to determine if the TEs enrichments observed in the Guliya
ice core are associated with the NAO, the winter NAO index is com-
pared (Fig. 5) with the Pb-Cd-Sb-Zn EF composite (EF z-score). The TE
enrichments observed in Guliya during the late 19th century and early
20th century coincide with a positive NAO phase whereas the TE en-
richment decrease to pre-industrial levels during the ∼1940 to 1970
period coincides with the negative winter NAO phase. Also, TEs (Sn, Cd,
and Pb) enrichments detected after ∼1965 (Sn) and 1975 (Cd, Pb), are
in concert with the strong NAO positive phase after the 1970s, sug-
gesting an increase in the transport of pollutants from western countries
to Guliya from ∼1965(75) to 1991.

The significant positive correlation between TEs enrichments and
the winter NAO index suggests that either pollutants are transported
from western countries (e.g., Europe) to Guliya by stronger westerlies
via the Rossby wave train during NAO positive phases, or that the de-
tection of TEs enrichments can be affected by changes in regional fac-
tors such as zonal wind strength/velocity, dust transport, temperature,
and precipitation driven by the NAO. Further studies are needed to
determine the mechanism(s) by which the TE enrichments and the NAO
are correlated in the Guliya ice core.

4. Conclusions

This study presents the first multi-century trace element record from
the northwestern Tibetan Plateau. The ice core contains an extremely
high concentration of dust compared to other ice cores from the region.
A thorough analysis was conducted to detect TE enrichments and two
independent approaches were utilized (EF and Ex concentration). The
Guliya TE records clearly show two distinct periods pre- and post-1850.
The pre-1850 period shows crustal contributions primarily while en-
richments of Pb, Cd, Sb, Zn, and Sn are observed after the 1850s.
Enrichments of Pb, Cd, Sb, and Zn in Guliya between 1850 and 1950
can be attributed primarily to coal combustion emissions from western
countries (Europe) since they were the main source during that period.
Anthropogenic TE sources/regions of post-1950s Pb, Cd, and Sn en-
richments are more difficult to determine since the number of

anthropogenic emission sources/regions has increased worldwide. It is
likely that regional emissions (fossil fuel combustion, mining/smelting,
fertilizers) from Central Asia, and probably from Kashgar in western
China, and South Asia (India, Nepal) could be the source of the TE
enrichments (Cd, Pb, Sn) observed in Guliya after ∼1970. The TEs
enrichments correlate positively with the winter NAO index suggesting
that non-crustal TEs mainly originated from countries west of Guliya.
This could be further investigated by extending the TE records pre-
sented here from 1991 to 2015, a time period in which China's and
India's emissions have increased exponentially. An ice core drilled in
2015 on the Guliya ice cap may provide this opportunity in the future.
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Appendix A. Supplementary data

The data presented in this work are archived at the National
Oceanic and Atmospheric Administration World Data Center-A for
Paleoclimatology: ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/
trop/guliya/

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.atmosenv.2017.11.040.
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