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This short review highlights the application of modern ion chromatography to the quantification of the most significant inorganic anions found
in such ice core samples, including fluoride, chloride, sulphate and nitrate, and small organic acids, such as methanesulfonic acid. The most
significant challenges associated with this important application of modern ion chromatography are discussed, together with the various
solutions developed by the leading research groups involved. The inclusion of capillary ion chromatography for the determination of inorganic
and organic anions in ice core samples is also included, specifically with regard to its potential when hyphenated with mass spectrometry for
future ice core paleoclimate studies.
Glacial–interglacial cycles can be visible in a variety of
marine and terrestrial paleoclimatic records, including
for example, deep sea sediments, continental deposits
of flora, fauna and loess, and ice cores [1]. Of these
examples, ice cores specifically provide an important
natural long-term and stable repository for chemical
and biochemical proxies for the study of climate
change. To provide useful information, such proxies
must yield a proportional response to a particular
event or cycle, and remain in a stable state with
minimal diffusion within the glacial ice following their
deposition [2]. Among the various ice core proxies,
inorganic anions such as chloride, sulphate, nitrate
and fluoride, form an important group, which together
support investigations into ancient climatic conditions,
and provide an insight into seasonal weather cycles - in
addition to provision of accurate tie-points for volcanic
events, among other globally significant events.
A significant element within the polar climate
system, and subsequently a vital contributor to
wider paleoclimate studies, is the Antarctic sea ice,
and records of its annual cycle and extension are of
particular importance. However, a lack of satellite
observations of the sea ice before the 1970s means
that there is a lack of reliable data when assessing
the sensitivity and rate at which sea ice dynamics are
involved in amplifying or revealing climate changes.
Over the last ten years, considerable research efforts
have been focused on the search for a useful proxy
to reliably estimate the annual extent of sea ice,
leading to the consensus that concentration of the
organic anion, methanesulfonic acid (MSA), is indeed a
dependable proxy for such information [3].
Ion chromatography (IC) with suppressed conductivity
detection is the gold standard analytical technique

Figure 1. (a) Cap-IC chromatogram obtained for LRM1 standard, blank and standard
solution containing fluoride (F−) and methanesulfonate (MS−), 10 µg L−1; chloride (Cl−), 200
µg L−1; sulphate (SO42−) and nitrate (NO3−), 50 µg L−1. (b) Extracted ion chromatograms for
selected m/z obtained for the analysis of LRM1 sample by Cap-IC-HRMS.
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to provide quantification of inorganic and
organic anions in these highly valuable ice
core samples. Ice core samples are first
melted to their liquid phase, either on- or
off-line, and analysed either immediately
or typically within 24 h [2]. IC provides the
quantitative performance required for this
type of analysis, with many of the proxies
present at trace levels, based upon its
continued development over the past 35
years as the only truly reliable method for
the simultaneous determination of inorganic
anions and small organic anions [4].
Inorganic anions present within ice cores
originate from various sources, both marine
and atmospheric, including particulate
contributions. While chloride, sulphate and
nitrate are found at microgram- milligram
per litre concentrations, others such as
fluoride are normally only present at
ultra-trace levels, typically less than 500
nanograms per litre. MSA is also found in
ice core samples at low microgram per litre
concentrations, but in this case the origin
is specifically from biological activity, being
the only known source for MSA [2,6,8,13].
MSA is a product of the oxidation of
dimethylsulphide (DMS), which is produced
by phytoplankton, particularly phytoplankton
species associated with sea ice. As such
it is found in relatively high levels in the
sea ice zone around Antarctica [5,6]. This
represents the source of MSA found within
ice core samples, having been transported
there via the atmosphere and deposited
during precipitation events. This is then
retained within the deposited subsequently
compacted ice. Currently, assembling ice
core records based upon these various
anions typically involves a minimum of one
IC measurement for every 5 cm of ice core,
corresponding to time periods ranging from
about 1 year (for the shallow part of the ice
core) to more than 40 years (at the deeper
compacted zones of the ice core). This
means that the sub-sample volume available
for IC is usually around 4–5 mL, or less if
higher resolution is desired [7].
However, constructing such records from
an ice core using IC presents a number
of analytical and practical challenges,
essentially centred on contamination,
selectivity, sensitivity and analysis costs.
There are many sources of contamination
that can interfere with reliable and consistent
anion determination when working at such
trace levels. The sources are widespread and
include the operator, laboratory material,
consumables, equipment and atmosphere.
Thus, strict adherence to well-established
sample handling protocols throughout the
analytical process is essential. Obviously,

separation selectivity leading to the baseline
separation o fall anions of interest is
required if reliable quantification is sought.
However, this is also a challenge as target
anions are present across a very wide range
of concentrations, from nanogram per
litre for fluoride and MSA to milligram per
litre for some matrix ions, such chloride or
sulphate. This diversity has necessitated the
use of columns with high selectivity (and
ion-exchange capacity), ideally compatible
with hydroxide-based gradient elution,
or alternatively the use of more than one
chromatographic system (multidimensional
approaches). Specifically, the separation and
quantification of fluoride and MSA can prove
difficult due to weak retention on most IC
stationary phases, and the co-elution of MSA
and other organic acids, such as acetate and
formate, which can often be present within
samples from contamination, also poses
a challenge. The detection sensitivity of
suppressed IC is known to be excellent for
relatively simple sample matrices, however
the low microgram per litre concentrations
of certain target ions often requires on- or
off-line sample preconcentration and/or
the injection of large sample volumes. As
a consequence, most former IC methods
developed for this type of study have
required in the order of 1–5 mL of sample
volume for each measurement. This volume
requirement is nowadays impractical given
the very valuable nature of each ice core
sample and the need for improved analytical
precision (demanding duplicate and even
triplicate sample analysis). Moreover,
handling of large sample volumes and
off-column preconcentration procedures
commonly incur a high risk of sample
contamination and/or carry-over issues.
Finally, in the generation of such proxy
profiles, to obtain improved temporal
resolution, a large number of samples
analyses are necessary (typically 4000
samples for a 300 year record). This demand
for increased sample numbers, combined
with the inherent value of each sample
(arising from the huge costs associated with
core sample collection and preparation),
provides a significant challenge in terms of
costs and time.
Over the past decade or so, there have been
many studies carried out generating these
important records, whilst simultaneously
attempting to solve the accompanying
analytical challenges. For example, an
IC method developed in 2001 by Curran
et al. [8] provided for the simultaneous
determination of MSA, chloride, sulphate
and nitrate anions in ice core samples,
based upon the use of a single analytical

column and a combination of in-line sample
preconcentration and gradient elution
using a sodium tetraborate eluent. The
limits of detection (LODs) were the lowest
reported at that time, although the sample
volume required was 5 mL. Similarly, in 2006
Morganti et al. [7] developed a method
which claimed significantly lower LODs than
those reported previously in the literature,
but which also required a preconcentration
column. In this case, anions, including
fluoride and MSA, were determined using
a relatively small sample volume (although
still requiring 1.5 mL per single analysis). The
methods of Curran et al. [8] and Morganti et
al. [7] were applied to the analysis of a large
number of samples from Law Dome, East
Antarctica, and to the analysis of samples
from Dome C ice core, respectively. These
methods were also applied within later
studies carried out at Mount Brown, Wilhelm
II Land (East Antarctica) by Foster et al. [9],
Talos Dome (East Antarctica) by Becagli et
al. [10] and, most recently, by Criscitiello et
al. [11,12] at coastal West Antarctica.
Cole-Dai et al. [13] obtained detection limits
similar to those obtained by Morganti et al.
[7], using an approach which saw continuous
flow analysis (CFA) coupled with IC (CFA-IC),
although the method was not applied to
the determination of MSA. The use of CFA
for on-line sample handling/preparation
was first proposed by Sigg et al. in 1994
[14], after which Huber et al. developed this
approach for the determination of organic
and inorganic ions in ice cores [15]. The
method combined the advantages of CFA
(less-time consuming sample preparation
and a lower risk of contamination) with the
advantages of IC, including simultaneous
multi-analyte quantification for both
organic and inorganic species. However, in
this example almost 2 mL of sample were
required for each analysis, and the process
resulted in the highly valuable ice core
being completely (continuously) melted,
removing the possibility of replicates or to
continue analysing the inner fraction for
other purposes.
Other reported IC methods have required
two separate chromatography systems,
one for the determination of inorganic
anions and a second system for the specific
determination of MSA. Obviously this
increases the complexity and cost of the
analysis, but most significantly also increases
the total sample amount required [16-22].
In these examples, LODs were in the low
µg L−1 range, but large injection loops were
employed for ion preconcentration, with the
total amount of sample required to carry out
the two sets of analyses being between 1
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and 2 mL. In many such studies, certain ions

injection and focusing, the elimination of

of potential significance (e.g. fluoride—a

the requirement for off-column sample

potential time-point marker from volcanic

preconcentration was shown, and the

activity) were not always discussed [19-21].

required sample volume was reduced to

Various other records of MSA and inorganic
anions in ice cores have been reported over
the past decade, obtained using IC [22–27],
although in many instances reporting of
actual analytical method details has been
rather limited. For example, MSA and
inorganic anions in ice cores from the high
plateau of Dronning Maud Land (DML),
Antarctica, were investigated by Fundel
et al. [25] in 2006, based on the methods
previously developed by Traufetter et al.
[26] and Göktas et al. [27]. However, in
each case, little information is given by
the authors in terms of required sample
amount and whether or not they employed a
preconcentrator column.

300 µL per analysis, thus providing the
possibility for triplicate analyses from less
than 1 mL of sample. This represented a
major step forward in ice core analysis by
significantly reducing the volume of ice
required for IC analysis, thereby freeing up
potential samples for other uses. Moreover,
for the first time Cap-IC was coupled to
high resolution mass spectrometry (HRMS)
to confirm the presence and identity of
MSA, with chloride, sulphate and nitrate in
an Antarctic ice core laboratory reference
material 1 (LRM1). Figure 1(a) shows a
Cap-IC chromatogram obtained for the
LRM1 standard, blank and standard solution
containing fluoride, MSA, chloride, sulphate
and nitrate. As can be observed, several

Recently, capillary ion chromatography

anions are eluted between fluoride and

has become a commercial reality (Cap-

methanesulfonate. Two of these were

IC). Despite having a relatively long

tentatively identified by standard retention

history within the research lab [28], and

times as acetate and formate. While the

offering many advantages, such as a low

other contaminants were also likely to be

consumption of reagents, high mass

organic acids, their identities were not seen

sensitivity and efficiency, Cap-IC has not

as crucial to the outcomes of that study.

gained popular acceptance until relatively

However, in order to confirm the specificity

recently [29]. One of the major reasons

of the method for methanesulfonate, which

for this was the limited variety of available

elutes close to the same region as those

columns. Today Cap-IC columns are readily

known and unknown organic acids, the

available packed with the same material as

LRM1 sample was again analysed using

the equivalent standard bore version, and

the Cap-IC method coupled with mass

providing the same separation selectivity

spectrometry detection. The identity of

and performance, yet requiring 100 fold

methanesulfonate, sulphate (as hydrogen

less eluent flow and sample volumes

sulphate) and nitrate was confirmed based

typically below 0.4 µL. Commercial high-

upon their accurate mass and retention time

pressure Cap-IC systems include the use of

(with a retention time delay from coupling of

robust capillary suppressors and capillary
conductivity detectors, with flow and cell
volume being optimised for
capillary applications.

~2 min), as can be seen in Figure 1(b).

The application of the Cap-IC system with
eluent generation and capillary suppression
technology converts the hydroxide eluent

The emergence of Cap-IC technology

to water prior to entering the mass

has coincided with the call from those

spectrometer. This, together with the low

involved in ice core studies for new

flow-rates employed in Cap-IC, makes

analytical methods which are capable of

the hyphenation of Cap-IC and mass

providing selectivity and sensitivity equal

spectrometry an interesting and promising

to, or greater than, previous approaches,

technique for various applications in the

but which require 10-100 fold less sample

near future, providing species identification,

volume. Recently, work within the Australian

structural interpretation and lower LODs.

Centre for Research on Separation Science

Specifically in the field of ice core studies,

(ACROSS), based upon a collaborative

coupling of these technologies could assist

project with the Australian Antarctic Division,

in the search for new or alternative climate

has resulted in the development of a

proxies which may support new

Cap-IC method (Reagent-FreeTM hydroxide

climate models.

eluent generation Cap-IC (RFICTM) and
suppressed conductivity detection) for the
simultaneous determination of organic and
inorganic anions (including MSA) in ice core
samples [30]. Using direct on-column sample
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New Restek® Rxi®-1301Sil MS GC Columns Are Ideal for MS
Restek’s Rxi®-1301Sil MS GC columns give you the selectivity you need without the bleed. These new
columns offer true cyano phase selectivity along with highest thermal stability in the industry, which ensures
you get dependable, accurate MS results and increased uptime. Improve the performance of existing
methods for solvents, glycols, and other polar compounds with an Rxi®-1301Sil MS GC column.

Typical cyano-based 1301 columns are
well suited for the analysis of solvents
across a range of volatilities; however,
they are prone to high bleed and poor
robustness, which limits their utility for
MS work. The new Rxi®-1301Sil MS
column from Restek is a silarylenebased cyano station-ary phase that not
only provides the selectivity needed for
analysing less volatile compounds, but
it also has the highest thermal stability
and lowest bleed, resulting in excellent
MS compatibility. Exceptionally
high thermal stability also allows for
more aggressive thermal ramping to
eliminate carryover of high molecular
weight compounds between analyses
(i.e., increased uptime).
In addition to providing both stable
1301 selectivity and the lowest
bleed/highest temperature limits
in the industry, the Rxi®-1301Sil
MS column is designed to provide
maximum inertness. Each Rxi®1301Sil MS column is tested with a
QC mix that includes both acidic
and basic probes to ensure inertness
across multiple compound classes.
Greater column inertness improves
peak shape and response, ensur-ing
more accurate quantitative results.
The new Rxi®-1301Sil MS column
is ideal for the analysis of multiple
compound classes across a range
of polarities and volatilities. With
its cyano-based selectivity and
high thermal stability, it is the top
performing 1301-type column for
MS analyses.
For more information on Restek,
email: Lori.Dundon@restek.com

