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Abstract: As an important part of the climate system, the cryosphere, can be studied with a variety of
techniques based on laboratory-based or field-portable equipment in order to accumulate data for
a better understanding of this portion of the Earth’s surface. The advent of synchrotron radiation
(SR) facilities as large scientific interdisciplinary infrastructures has reshaped the scenario of these
investigations and, in particular, of condensed matters researches. Many spectroscopic methods allow
for characterizing the structure or electronic structure of samples, while the scattering/diffraction
methods enable the determination of crystalline structures of either organic or inorganic systems.
Moreover, imaging methods offer an unprecedented spatial resolution of samples, revealing their
inner structure and morphology. In this contribution, we briefly introduce the SR facilities now
available in mainland China, and the perspectives of SR-based methods suitable to investigate
ice, snow, aerosols, dust, and other samples of cryospheric origin from deep ice cores, permafrost,
filters, etc. The goal is to deepen the understanding in cryospheric sciences through an increased
collaboration between the synchrotron radiation community and the scientists working in polar areas
or involved in correlated environmental problems.

Keywords: synchrotron radiation; X-ray fluorescence spectroscopy; X-ray absorption fine structure
spectroscopy; trace elements; cryospheric sciences; snow; ice; dust

1. Introduction

The cryosphere was proposed as the fifth earth sphere alongside the atmosphere, hydrosphere,
lithosphere, and biosphere in the ecosystem. Moreover, changes in the cryosphere may reflect global
climate changes [1]. For instance, environmental water resources [2] or the pollutant mercury [3] have
recently been extensively investigated in China in order to understand global climatic changes and
other environmental issues.

Large synchrotron radiation facilities based on dedicated accelerators have been available to
users since the early 1990s, and gained an increased interest in the new millennium. After almost
six decades of operation, the scenario of synchrotron radiation is going to evolve into low-emittance
and quasi-diffraction limit storage rings, either by upgrading the existing facilities (e.g., APS, ESRF,
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SPring-8, Diamond, Elettra, ALS, etc.) or by building new dedicated storage rings (such as HEPS in
China, SIRIUS in Brazil, MAX IV in Sweden, etc.) [4] At the same time, fourth generation sources,
X-ray free electron lasers (FELs), have also been built in Europe, Japan, South Korea, the United States,
and in China. These radiation sources offer novel capabilities to investigate the different states of
matter from the atomic to nano- and micro-scopic scale.

The continuous increase of synchrotron radiation applications both at storage rings and FELs, in all
scientific areas, such as biology, chemistry, materials science, physics, geological and environmental
sciences, paleontology, cultural heritage, as well as industrial applications, were made possible by
many new instrumental capabilities. In the past, user communities in each scientific area have
been established by starting just one or few synchrotron radiation experimental methods. However,
many opportunities still remain unexplored in different fields at SR or FEL facilities. Meanwhile,
unlike bench top experimental devices, beamlines at large synchrotron radiation facilities are
characterized by an Open Access policy, based on the free competition among proposals/experiments
that are ranked only by looking at their scientific content at the international level. Actually, the high
demand of these facilities restricts their access only to a limited number of researchers, typically
running one experiment per year. Only highly competitive proposals are approved and get beamtime.
Hence, it is important for each community to know the characteristics of the instruments available at the
synchrotron radiation facilities in order to be competitive and successful to solve their open problems.

Cryospheric science is one of the research areas that requires these powerful sources, but at present,
only a limited number of scientific researchers have had opportunities to use these infrastructures [5–9].
In this work, after a brief introduction of the various SR techniques that might be of interest for
cryospheric researchers, we will address the main techniques that can be performed at Chinese
synchrotron radiation facilities in this area, which is of great interest to the Chinese research
communities involved in geological, environmental, climatic, and atmospheric research.

2. Synchrotron Radiation-Based Techniques

2.1. X-ray Fluorescence (XRF)-Trace Element Identification

2.1.1. Basics

X-ray fluorescence spectroscopy is based on the emission of secondary photons upon the excitation
of core electrons followed by electronic transitions from higher levels to the vacancy state. In atomic
physics, K, L, M, and N stand for the main shells numbered as 1, 2, 3, and 4, respectively, while the s, p,
d, and f orbitals correspond to different subshells. In X-ray physics, the electron orbitals surrounding
the atomic core are indexed as K, L, M, and N, while the K stands for 1s (1/2) shell, L1 for 2s (1/2),
L2 for 2p (1/2), and L3 for 2p (3/2). As shown in Figure 1, the X-ray fluorescence line emitted with the
transition from the L to K shell is called Kα, while that for the M to K shell is called Kβ. For the subshell
transitions, the emission lines are named Kα1, Kα2, Kβ1, Kβ3, and so on. The M to L shell transitions are
named as Lα, Lβ, Lγ, and so on.

The X-ray fluorescence (XRF) lines of each element are defined by the transition energy among the
different orbitals. Each line occurs at a fixed energy and the fluorescence lines are clearly separated for
the different elements. The energy value of each emission line allows for identifying the element in the
investigated sample. For instance, the Kα and Kβ lines of iron can be detected at 6.4 keV and 7.06 keV,
respectively. Meanwhile, the Lα, Lβ, and Lγ lines of lead occur at 10.6 keV, 12.6 keV, and 14.8 keV,
respectively. Usually, one should rely on at least two lines to verify the presence of the corresponding
element, because the poor energy resolution XRF lines of some elements may overlap and cannot be
distinguished using a conventional detection scheme. For instance, the Kα line of arsenic is quite close
to the Lα line of lead. With an energy dispersive or a wavelength dispersive detection scheme, it is
possible to distinguish the XRF lines with a high energy resolution.
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2.1.2. Synchrotron Radiation X-ray Fluorescence

A typical synchrotron radiation XRF experimental setup consists of an intense radiation source
(bending magnets or an insertion device like a wiggler or an undulator), a transport line that deflects
and focuses the X-ray beams, and the end-station where experiments can be performed. Usually,
SR-XRF provides a tiny focused beam with a spot size ranging from tens of nanometers up to tens of
micrometers, depending on the optical configurations. Some beamlines may offer a spot of variable
sizes to fulfill the different experimental demands [10]. In the experimental station, the focused beam
is delivered onto the sample and excited fluorescence photons are emitted. To eliminate the strong
Compton scattering contribution, the detection geometry has the detector set at 90◦, while the sample
is set at 45◦ with respect to the incident beam.

For X-ray fluorescence measurements, one should be concerned about photons illuminating
the samples, which will affect the detection limit and the measuring time. There are two classes
of experiments that require intense and brilliant synchrotron radiation sources. The first looks at
the reconstruction of the spatial heterogeneity in the sample under investigation, and in particular,
the mapping of the spatial distribution of the chemical elements. For this type of measurement,
we need to carefully evaluate the time necessary to scan the sample area according to spatial resolution
and signal to noise (S/N) ratio. For instance, a map 1 × 1 mm2 can take several hours using a 5 µm
spot with 1 s of acquisition at each point. Another class of SR-XRF experiments looks at elements in
trace, that is, at a low and ultralow detection limit, which could be as low as the µg/g level. It should
be noted that the absolute detection limit in the mass can reach fg and possibly ag. These detection
values are now possible only at synchrotron radiation beamlines, and the advantage of measuring
trace elements with this technique is that it is both highly sensitive and non-destructive. It allows for
further analytical techniques to be performed on the same sample. Meanwhile, it should be noted that
the total reflection XRF (TXRF) technique that works in the grazing incidence geometry is very well
suited for trace-element studies in aqueous solutions, and was successfully applied to investigate the
aeolian dust in Antarctica and Alpine deep ice cores [7].

Presently, we have two powerful beamlines at Chinese synchrotron facilities where XRF
experiments can be performed, namely: the 4W1B beamline at the Beijing Synchrotron Radiation
Facility (BSRF) and the BL15U at the Shanghai Synchrotron Radiation Facility (SSRF) [11]. The first
works in the wide bandwidth mode using a double monolayer monochromator, while the second
works with the narrow bandwidth mode using a double crystal monochromator. The main working
energy at 4W1B is 15 keV, while the X-ray beam is focused down to 20–50 µm in diameter by using a
polycapillary lens. However, the energy can be tuned in the range of 5–20 keV and the X-ray beam
can be focused down to 2 × 2 µm2 by using a couple of Kirkpatrick-Baez mirrors. Users can select the
corresponding beamline according to their specific purpose and requirements. The XRF spectra can be
fitted to a obtain quantitative evaluation of the elemental concentration by means of calibration curves,
using certified standards. The software package PyMCA [12], developed by the European Synchrotron
Radiation Facility, is available and is commonly used for data reduction and analysis.
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2.2. X-ray Absorption Spectroscopy (XAS)-Atomic Structural Information

In X-ray spectroscopy (XAS), photons excite bound electrons in the atomic core levels (core
electrons) to the unoccupied states in the continuum above the Fermi level. The atomic absorption
cross-section shows typical step-like jumps at the energy of the core electrons’ binding energy. The first
interpretation of the modulation of the atomic cross-section over about the 1000 eV photon energy
range beyond the absorption edge, was proposed by R.L. Kronig [13], and it was confirmed by using
the synchrotron radiation [14], which provides a unique continuum spectrum from the soft to the hard
X-ray range. These spectral features are called the “Kronig structure” [13], and since 1970, have used
the acronym EXAFS (extended X-ray absorption fine structure) [14]. In this regime, the oscillation
of the absorption cross-section is due to the scattering of the fast photoelectron by neighbor atoms
confined within the single scattering regime, because of the weak backscattering probability for a fast,
high energy photoelectron. The strong sharp absorption peaks appearing in the first hundred eV energy
range beyond the absorption edge have been the object of long standing discussions and controversy,
generating significant confusion in the literature, as in this energy range the photoelectron energy is
small, and therefore the excited photoelectron has a very large scattering cross-section interacting with
the neighbor atoms, and its wave-length is much larger than the interatomic distances, thus the single
scattering EXAFS approximation is not valid. Moreover, the lifetime of the excited photoelectron is
short and its mean free path is also limited, therefore the final short living states are confined to the
nanoscale. In 1974, it was proposed that the strong absorption peaks near the absorption edge are
due to quasi stationary states of the excited photoelectron degenerate with the continuum localized
by strong multiple scattering [15], and it was confirmed experimentally first in disordered aluminum
oxide [16], nitrogen gas [17], biological matter [18], surface oxides [19], and complex transition metal
oxides, where the acronym XANES (X-ray absorption near edge structure) was proposed [20], in order
to indicate the final states localized on the nanoscale by multiple scattering by the atoms surrounding
the photo-absorber.

XANES [14] is a widely used probe of both the local structure at an atomic scale, and the
electronic structure. X-rays excite core-level electrons and the photoelectrons are scattered by the atoms
surrounding the photo-absorber. The scattering of the excited electrons allows for local structural
information, such as electronic and geometric structures, to be extracted. XRF and XAS use the same
nomenclature, for example, the K-shell electron is excited (K absorption edge appears in XAS spectrum),
then Kα or Kβ are the characteristic emission lines in the XRF spectrum. It is worth mentioning that the
XAS spectra can be measured by the transmission or fluorescence mode. For the fluorescence detection
mode, one should measure the emitted fluorescence lines by scanning the incident energy across the
absorption edge. To interpret XAS data, one has to separate the entire spectrum into two regions,
namely: the first from 50 eV before up to 60–80 eV (depending on the system and also coordination
and bond distances) above the absorption edge, which is called XANES (X-ray absorption near-edge
spectroscopy); the second after the XANES region up to 1000 eV or more (depending on the S/N
ratio), which is called the EXAFS (extended X-ray absorption fine structure spectroscopy) region [21].
Although one can get both the XANES and EXAFS spectra in one measurement, the interpretation of
the XANES and EXAFS spectra are different, and they contain different information. For the XANES
spectra, one can obtain the electronic structure and the local geometrical structure (i.e., coordination
and bond angles) surrounding the selected absorber atom. By contrast, EXAFS is extremely useful for
obtaining the coordination number, the bond distance, and the mean-square-relative displacement of
the bonded atoms, through model-based fits. Although both XANES and EXAFS can be interpreted
using the multiple scattering theory [10,11], the first is based only on the multiple scattering (MS)
analysis in the real space, while the second mainly probes single scattering (SS) events. The EXAFS
interpretation requires structural fitting, while the XANES spectra, in addition to simple fingerprinting,
can be successfully used to obtain quantitative structural information based on the fitting [22]. Several
software packages for the data analysis and interpretations are now available, namely:



Condens. Matter 2018, 3, 29 5 of 15

(1) IFEFFIT and Demeter package for data reduction and EXAFS fittings [23];
(2) Full multiple scattering calculations implemented in FEFF [24] and FDMNES [25] are commonly

employed for simulating XANES spectra; and
(3) XANES fitting as implemented in MXAN [22,26], is based on the comparison between

the experimental spectrum and several theoretical calculations generated by changing the
relevant geometrical parameters of the site by calculating each configuration with full multiple
scattering theory.

2.3. Other Synchrotron Radiation Techniques and Beyond

In addition to XRF and XAFS, it is important to mention that other techniques available at
synchrotron radiation facilities may offer important opportunities for cryospheric and environmental
researches. Nowadays, several high-energy resolution fluorescence detection mode XANES facilities
are available and allow one to measure the near-edge region with more detail [27]. Also, the X-ray
diffraction method, a well-established technique that reveals the crystalline structure of organic and
inorganic samples with a long-range structural order is available at SR facilities. SR-XRD offers a much
faster and more accurate structural refinement than any conventional source on samples of extremely
small dimensions (down to micrometer size), so even the analysis of single grains or particulate matter
(PM) is possible [28]. Finally, the X-ray tomography can be also used to collect unique 3D images of
the internal structure of a sample with an extremely high spatial resolution and a high absorption or
phase contrast [29,30]. In the next section, we will briefly illustrate some applications of the different
techniques used in environmental sciences, which are of great interest to cryospheric researches.

3. Experimental Applications

3.1. Spectroscopic Methods

Mercury is a global pollutant whose environmental importance steams from its extreme mobility
and toxicity. In order to understand its biogeochemical cycle, also in relation to human disturbances,
it is important to assess the emitting sources; the dynamics, which govern its transport through the
atmosphere; and the deposition on continents and oceans. Primary anthropogenic Hg emissions
greatly exceed natural geogenic and biogenic sources, resulting in a massive disturbance of its cycle
on a global scale [31]. Moreover, the toxicity is one of the main concerns in biology, and the chemical
speciation is extremely useful to monitor and limit the toxicity effects induced by heavy elements such
as mercury. Recently, Li et al. [32] investigated the famous Tibetan medicine called Zuotai, which has
been used for treating various diseases for over 1300 years, and is still used in some areas in the Tibetan
Plateau. These drugs contain mercury and, counter intuitively, they are not toxic. Zuotai was proven
effective in treating inflammations, anthrax, and so on. To understand the mechanisms beyond the
Tibetan medicine, Li et al. [8] investigated the chemical speciation as well as the distribution of mercury
in the organs of treated animals, by combining the µ-XRF and XANES techniques. By comparing the
XANES spectra at Hg L3-edge for Zuotai and other reference mercury compounds, they recognized
HgCys2 and MeHgCys as the mercury compounds present in the organs. By using µ-XRF imaging
with a 200 µm spatial resolution, they also revealed that mercury is accumulated in the renal cortex
of the kidney. Moreover, the mercury deposition in the kidneys treated with Zuotai is much less
than those treated by feeding β-HgS or HgCl2 (Figure 2). The speciation of Hg was revealed with
a linear combination fitting with reference to the Hg L3-edge XANES spectra, and most of the Hg2+

ions were bounded to the sulfydryl group, which is less toxic. From this study, we learnt that both
the microscopic distribution and the bond nature of Hg ions are important in order to understand the
toxicity and the transport mechanisms of Hg in biological systems.
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Figure 2. (a) Photo of the Tibetan medicine Zuotai; (b) molecular scheme of the HgCys2; (c) images
of slices of kidney from mice untreated and mice treated with Zuotai, β-HgS, or HgCl2, respectively;
(d) maps of the mercury distribution using µ-X-ray fluorescence (XRF) (figures redrawn from the
literature [32] and with courtesy of Cen Li).

The consumption of fish, fish products, and marine mammals is generally considered to be
the main global pathway of human exposure to methylmercury (MeHg). Soil is the primary
source of MeHg exposure to rice plant tissues. By using the µ-XRF and XANES spectra at the Hg
L3-edge, Meng et al. [33] investigated the distribution and speciation of mercury in three fractions
of the rice grains (hull, bran, and white rice), collected from an Hg-contaminated region in China.
The majority of the inorganic mercury (IHg) in a rice grain is found in the hull and bran (Figure 3).
However, the majority of the toxic species, the methyl mercury (MeHg), is found in edible white rice.
This study revealed that the transport of mercury due to anthropic activities is extremely sophisticated.
Identifying the atomic coordination of mercury may provide a clue for figuring out a better solution
to fix or minimize pollution issues. By employing the high-energy resolution XANES (HR-XANES)
spectra [27,34–37] with the fluorescence detection method, Manceau et al. obtained fine details in the
near-edge region at the Hg L3-edge. Combining the theoretical simulations, the bonding nature of the
mercury compounds in the environment was investigated with more physical insights [36,37]. A key
link between the inorganic Hg input and exposure of humans and wildlife is the net production of
methyl-mercury, one of the most dangerous Hg species with regards to toxicity issues. It is mainly
produced in the anoxic zones of freshwater, terrestrial, and coastal environments, and in the deep part
of the ocean [38]. Climate change is occurring across the world, and in this context, high latitude and
altitude regions are particularly fragile, where climate change is advancing faster than in other regions.

The Tibetan Plateau (TP) is the highest and largest highland in the world, with an average elevation
of over 4000 m above sea level (a.s.l.). The permafrost body in the TP is the largest permafrost region
at low- and mid-latitudes, and accounts for 74.5% of the Northern Hemisphere’s mountain permafrost.
Presently, limited studies on Hg behaviors (e.g., distribution, variation, etc.) have been performed
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in high-altitude permafrost regions [39], and, to the best of our knowledge, the influencing factors
on Hg behavior in the frozen soils of the permafrost regions have been poorly studied. Moreover,
only few studies have reported concentrations and distribution of Hg in the surface soils of the TP.
Hg concentrations are typically extremely low, and attempts to measure the Hg K characteristic lines
are needed. Although challenging, this approach is strategic to probe the Hg amount in soils and to
understand how chemical mechanisms may occur in different regions. Moreover, it is also important
to investigate how the different Hg species are transported, transformed, and accumulated at local and
global scale.
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3.2. Spectroscopy and Incineration of Waste

The dust and aerosols originate from the solid particles and/or liquid droplets emitted, as well
as the secondary particles that are formed via chemical reactions in the atmosphere. Municipal solid
waste (MSW) refers to the trash or garbage from homes, schools, and hospitals, as well as products such
as packaging, furniture, clothing, bottles, newspapers, appliances, batteries, and so on. Environmental
pollution can be associated with MSW.
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Condens. Matter 2018, 3, 29 8 of 15

For instance, burning waste coal can generate hazardous matter, with serious health risks for
human beings [40]. It is essential to retrace the origin of these pollutants and to figure out an approach
to reduce the amount of hazardous contents. To identify the chemical reactions occurring in the
treatment of industrial waste, Yin et al. [41] investigated the chemical transformation of AgCl and
Ag2S in silver nanoparticles under sunlight or incineration. By using the linear combination fitting
of the Ag K-edge XANES spectra of Ag2S spiked sludge and AgCl spiked simulated municipal solid
waste (SMSW) incinerated at various temperatures and with certain protocols, it was pointed out that
chemical transformations of Ag2S and AgCl into elemental silver could be a source of Ag nanoparticles
(See Figure 4).

Municipal solid waste incineration (MSWI) is a widespread method to treat MSW, and fly ash can
be produced in this process. At variance, the secondary fly ash (SFA) is due to a secondary chemical
reaction occurring with condensation after vaporization, during the flue gas cooling procedure.
The latter is a reusable material suitable for the construction industry to produce bricks. Hence,
it is fundamental to investigate the speciation of toxic heavy metals using XAFS. In the SFA samples,
Tian et al. [42] revealed that lead mainly existed as PbCl2 and PbS, while PbO and PbCl2 can be
identified in MSWI fly ash using a linear combination fitting of the XANES spectra. By using the EXAFS
fitting, they also reconstructed the geometrical structure around lead. This study underlines how the
structural information is important for optimizing the recycling process of municipal solid waste.

3.3. Applications of Tomography in Environmental Research

Three-dimensional imaging using X-ray micro-computed tomography enables the visualization
and quantification of the brine network morphology and variability [43,44]. Duplicate scans have
been performed using X-ray energies above and below the absorption edge of the interested elements,
using a synchrotron radiation source, which provides monochromatic radiation and a highly tunable
beam at variable X-ray energy. Synchrotron radiation X-ray tomography based on absorption contrast
enables a clear discrimination of air, ice, and solid salts, if the contained elements have a drastic mass
difference. For instance, the internal structure of sea ice samples, shown in Figure 5, can be observed
with a strong contrast [45], as follows: air (dark), ice (grey), and salt crystals or brine (white). The field
of view was about 12 mm, while the voxel size was 5.6 µm [45]. With the improved algorithms and
the advances in X-ray tomography, one can obtain a qualitative estimation of the pore size, and so on,
which could be useful to estimate the motion of the glacier [46]. Furthermore, the tomography method
can be successfully used to study clathrate gas hydrates [45,47–49], ice and clathrate [50], plant roots
and soils [51], aerosols [52], and so on.
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4. Perspectives in Applications of SR Techniques in Cryospheric Sciences

In many cryospheric researches, even the sampling and its preservation are challenging. Samples
to characterize and understand the atmosphere, the climate evolution, and the status of the Earth’s
ecosystem are rare and extremely precious. Actually, airborne particles and dust are generated and
transported over time by natural mechanisms and by human related activities. During transport,
the elements may experience different thermodynamical conditions, and chemical reactions may
occur, affecting the speciation of many elements. To recognize the source as well as the evolution
pathways, synchrotron radiation techniques represent a powerful and unique tool. Although a limited
number of publications [5–9] in this field have used synchrotron radiation techniques, efforts to
expand the number of applications will certainly be beneficial to trigger new researches and to
expand the community working in cryospheric science. Indeed, ice and snow are key elements of the
cryosphere; ice is central to climate, geology, and life. Understanding its behavior on Earth is essential
for predicting the future of the planet and unraveling the emergence of life in the universe [53–56].
Although challenging, the following research opportunities using synchrotron radiation techniques
are extremely promising:

(1) trace elemental analysis in deep ice core. By applying SR-XRF, it is possible to obtain quantitative
information about the elemental concentration without damaging the sample. However,
for ultra-trace analysis, it is important to the protect samples under investigation from external
contaminations. Specially designed sample chambers installed at end-stations are required.
To reach ultra-low detection limits with the highest S/N ratio, the highest flux at the sample
position and the best detectors are necessary;

(2) the speciation of metals, as illustrated in the previous examples, is possible through performing
XANES experiments. However, it is necessary to concentrate the investigated elements,
and sample preparation is a key issue [57,58]. This is a particularly important to investigate the
inorganic fraction contained in the deep ice core [59]. In this case, it is necessary to melt from
several centimeters up to meters of ice core to reach the detection limit. Moreover, a spectral
database should be established with as many standards as possible to identify the chemical
reactions that might occur. A mimicking in situ XANES measurement under different sample
conditions (gas, temperature, etc.) would also help to understand the reaction pathways of the
different elements induced by climatic changes or anthropogenic activities;

(3) establish the largest possible dataset by measuring samples from the entire ecosystem extending
over time and regions. Statistics will be helpful to draw more reliable conclusions. Hence, in order
to describe climatic changes, one needs to sample the entire ecosystem, including, but not limited
to, ice, snow, aerosols, dust, soils, solid state waste, and so on.

The introduction of new SR techniques and overcoming technical issues are always possible.
We need to focus on the emerging techniques so as to investigate at the best overall physical–chemical
processes occurring in the cryosphere and in its components (air, water, snow, ice, and permafrost).
There are many difficulties that have limited experimental research in this field, but they can
be overcome with a synergic effort among scientists and researchers working in these large
infrastructures. As shown in Table 1, there are already some beamlines that can offer the XRF, XAFS,
XRD, and tomography at current synchrotron radiation facilities in Beijing, Shanghai, and Hefei.
The construction of new beamlines in an SSRF upgrade and in planned HEPS would expand the
capabilities in many aspects, such as the energy/spatial resolution and integration of different
techniques. The community of cryospheric science needs to know the opportunities and contribute.
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Table 1. Techniques available at Chinese Synchrotron Facilities * in the mainland of China.

Synchrotron Radiation Facility Beamline Availability Energy (keV) Focal Spot (V × H µm) Technique

Beijing Synchrotron Radiation Facility (BSRF)

4W1B Operation 5–20 20 × 20 µ-XRF

1W1B Operation 4–23 900 × 300 XAFS

1W2B Operation 5–20 1000 × 600 XAFS

4B7A Operation 2.1–5.7 3000 × 1000 XAFS, calibration

4B9A Operation 4–15 2000 × 1000 XRD, XAFS,

4W1A Operation 6–22 20000–10,000 CT

5–12 15 × 15 Nano-CT

Shanghai Synchrotron Radiation Facility (SSRF)

BL15U1 Operation 5–20 1.6 × 1.8 (variable) using KB
0.15 × 0.15 using zone plate

µ-XRF
µ-XAFS
µ-XRD

BL14W1 Operation 4.5–35 300 × 300 XAFS

BL14B1 Operation 4–22 400 × 400 XRD

BL13W1 Operation 8–72.5 45,000 × 5000 CT

Shanghai Synchrotron Radiation Facility (SSRF) Upgrade

E-line Construction 1.3–10 80 × 200 XPS, XAFS

D-line Construction
5–25 (X-ray) NA

XAFS, FTIR
10–104 cm−1 (IR) 100 × 100

Tender beamline Construction 2.1~16 5 × 1.5 XAFS

General spectroscopy Construction 5–30 500 × 100 XAFS

Nanobeamline Construction 5–25 0.01 × 0.01

National Synchrotron Radiation Laboratory (NSRL) BL01B Operation 15–4000 cm−1 NA FTIR

High Energy Photon Source (HEPS)

BD Planning 2.1–7.8 400 × 400 XAFS

BE Planning 5–15 NA Tomography

B2 Planning 5–25 0.009 × 0.009 n-XRF/n-XRD

B5 Planning 5–25 10 × 10 XRS, NRS, RIXS

B8 Planning 4.8–45 NA QXAFS

* BSRF and HEPS are both in Beijing, SSRF in Shanghai, and NSRL in Hefei; * Other sources have been proposed in China, but at present no precise data are available.
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5. Relevance of Cryospheric Sciences to Synchrotron Radiation in China

Synchrotron radiation techniques may offer several opportunities in cryosphere and
environmental sciences, because of their high resolution and reliability. Chinese scientists first used
synchrotron radiation to analyze algae, lichen, bryophyte, and Adelie penguins from Antarctica [60–62].
These early works promoted polar environmental researches at the micro level. The X-ray fluorescence
method is extremely powerful to investigate the role of heavy metals on polar species. This method
has been also applied in an Arctic aerosol research [63]. Samples of aerosols from the marine boundary
layer of the Arctic Ocean were collected aboard the R/V Xuelong on the Second Chinese Arctic
Research Expedition (July–September 2003), and the chemical composition of these particles was
determined using SR-XRF.

Mercury is a global pollutant that affects human and ecosystem health. In the last two
decades, anthropogenic Hg emissions declined in Europe, but significantly increased in Asia [64,65].
This represents a relevant issue for the Arctic region. Many studies also discussed the toxicity of
Hg, which is released in the food chain as glaciers retreat. Because high amounts of Br/Cl and O3

species will react with Hg from atmosphere, the increasing of Hg at the snow surface occurs when
atmospheric mercury depletion events occur. Many data have pointed out that snow pack and melt
water are the major reservoirs of atmospherically deposited mercury [66,67]. The inductively coupled
plasma mass spectrometry (ICP-MS) and general mass spectrometry methods are powerful, but return
limited information because they may only measure the total amount of Hg in ice cores. Moreover,
this technique does not recognize elemental Hg from MeHg+ and Hg2+ [68]. Information on other
speciation mechanisms is also lacking. Moreover, the intensity of the solar radiation is very different
in Arctic compared with other regions like the Tibet area. By contrast to the polar day in Arctic,
a much stronger solar irradiation occurs at the high altitude of the Tibet Plateau. SR studies may
allow for a more precise characterization of Hg speciation, pointing out the different reduction and
oxidation conditions. Presently, the molecular mechanisms (e.g., molecular Cl and B) beyond these
processes are largely unknown [69,70], and reliable knowledge of the chemical reactions in ice and
snow is lacking [64]. Actually, the mercury concentration in these samples is extremely low and hard
to be detected by a conventional setup. Nevertheless, the improvement of the source brilliance and
multi-element detectors will certainly enable the detection of Hg down to the ng/g level or lower,
to reach the expected values of the natural concentration. Moreover, it is necessary to establish
protocols for sample filtering and concentrating, so as to perform XANES spectroscopy experiments
on the same samples. These protocols are essential in order to minimize the possible contamination
of these precious samples during the experiments. Hence, special sample handling systems should
be implemented at dedicated beamline end-stations. Within this framework and the synergic effort
among researchers and synchrotron radiation scientists, this interdisciplinary community will be able
to investigate more and more samples in the existing as well as in future Chinese light sources.

6. Conclusions

In this contribution, we reviewed some applications of XRF and XAFS techniques in environmental
and cryospheric sciences. The trace-element analysis and/or the mapping are now possible using
synchrotron radiation. XRF allows for identify the origin and distribution of many elements of
interest, ranging from low (Na, Mg, etc.) to high Z elements. Spectroscopic methods such as the
XAFS technique offer a new perspective on the speciation of elements, a condition that may affect
the biological functioning of many systems, and the environmental release or particulate matters.
Furthermore, high-energy resolution spectroscopy may reveal detailed spectral features that could
be used to better investigate and recognize the nature of many atomic bonds. Finally, new powerful
imaging methods, such as X-ray tomography, could provide three-dimensional views of the internal
structure of many systems, including ice and clathrate systems.

Presently, the applications of synchrotron radiation techniques in cryospheric sciences are still
limited, although some recent publications [5–9] and workshops [59,71] demonstrated that the
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cooperation among scientists working in cryospheric sciences and synchrotron radiation researchers is
possible and extremely useful [65]. An enhanced collaboration is foreseen and efforts are necessary
to make this highly interdisciplinary research area mature in order to advance the frontiers of this
challenging discipline. The role of Chinese facilities and scientists will be certainly important in the
next years [72].
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