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ABSTRACT. In the past, ionic analyses of deep ice cores tended to consist of a few
widely spaced measurements that indicated general trends in concentration. The ion-
chromatographic methods widely used provide well-validated individual data, but are
time-consuming. The development of continuous flow analysis (CFA) methods has
allowed very rapid, high-resolution data to be collected in the field for a wide range ofions.
In the European Project for Ice Coring in Antarctica (EPICA) deep ice-core drilling at
Dome C, many ions have been measured at high resolution, and several have been ana-
lyzed by more than one method. The full range of ions has been measured in five different
laboratories by ion chromatography (IC), at resolutions of 2.5-10 cm. In the field, CFA
was used to measure the ions Na*, Ca*", nitrate and ammonium. Additionally, a new
semi-continuous in situ IC method, fast ion chromatography (FIC), was used to analyze
sulphate, nitrate and chloride. Some data are now available to 788 m depth. In this paper
we compare the data obtained by the three methods, and show that the rapid methods
(CFA and FIC) give an excellent indication of trends in ionic data. Differences between
the data from the different methods do occur, and in some cases these are genuine, being
due to differences in speciation in the methods. We conclude that the best system for most
deep ice-core analysis is a rapid system of CFA and FIC, along with in situ meltwater
collection for analysis of other ions by IC, but that material should be kept aside for a

regular check on analytical quality and for more detailed analysis of some sections.

INTRODUCTION

Ice cores are an excellent medium for understanding past
changes in the climate and atmospheric environment, because
so many parameters are recorded in the same core. As well as
the basic climate variables such as temperature (from water
1sotope ratios) and accumulation rate, ice cores contain infor-
mation about a host of climatic forcing factors and related
environmental changes. Much of this information is tied up
in the water-soluble chemical components (Legrand and
Mayewski, 1997). Irom among these components, one can
hope to derive information about, for example, the volcanic
history of the Earth (Zielinski and others, 1996), marine
biogenic activity in the oceans (Legrand and others, 1991),
atmospheric circulation (Mayewski and others, 1994) and
sea-ice extent (Grumet and others, 2001). There have been
hundreds of such studies, although the interpretation of the
chemical data in terms of environmental variables is rather
difficult (Wolft, 1996). However, the need to obtain large
amounts of accurate high-resolution chemical data remains.
For both deep and shallow ice cores, it has now become
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routine to measure the ionic chemistry of the ice core, and
until now this has most commonly been done by ion chroma-
tography (IC). Several ice cores have already been analyzed
continuously at high resolution in order to capture detailed
signals (e.g. Greenland Ice Sheet Project 2 (GISP2)
(Mayewski and others, 1997) and Taylor Dome, Antarctica
(Mayewski and others, 1996) ). However, because it is time-
consuming to cut and analyze samples by IC, chemical
datasets from many deep ice cores have been discontinuous
(e.g. Legrand and others, 1988). Partly for this reason, and
partly to analyze new species not available from IC, con-
tinuous flow analysis (CFA) methods have been introduced
in the last few years (Fuhrer and others, 1993), and expanded
to a range of ions and neutral chemicals. Such methods
allow a rapid analysis to be made in the field, and at high
resolutions (one to a few cm) in order to capture the annual
variability of the signal. While at present not all the ions
measured by IC can be measured with sufficient sensitivity
by CFA, the range that can be determined is increasing
(Rothlisberger and others, 2000). A third method, known
as fast ion chromatography (FIC), has recently been devel-
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Table 1. Experimental conditions for the IC analysis

Lab Instrument Columns/Sample loop Eluent Suppressor Sample loading
Anions Cations Anions Cations Anions Cations
Flo A -DX500 AG4A4mm CGl24mm Isocratic Isocratic ASRS-ultra4mm  CSRS-ultra 4mm  Peristaltic pump
C"™-DXI120 AS4A 4mm CSI24mm  Na,CO;18mM H,S0,20 mM auto-suppression auto-suppression Gilson minipulse3
DionexTAC 2 DionexI'CC2 NaHCO; 1.7 mM 1.6 mL min ' external water mode external water mode
15mL 1.8 mL 20 mL min '
Sto A -DX500 ATC CG122mm  Gradient: Isocratic: ASRS-12 mm CSRS-12mm Dionex
C'-DX500 AGI2mm CSI22mm  MQ water H,S0, 9mM auto-suppression auto-suppression AS40 autosampler,
ASII2mm  100uL NaOH 2.5 mM 0.25 mL min ' external water mode external water mode continuously flushed
250 uL. NaOH 100 mM with clean air
050 mL min !
BAS A -DX500 ATC1 CG124mm  Gradient: Isocratic: ASRS-ultra4mm  CSRS-ultra 4mm  Dionex
C'-DX500 AGI74mm CSI24mm  Eluent Generator MSA 20 mM auto-suppression auto-suppression AS 3500
EG40 recycle mode recycle mode autosampler
ASI74mm 500 uL. KOH 0.8-30 mM 1.0 mL min '
500 uL. 20 mLmin '
A-20101 ATC 1 Gradient: ASRS-T 4 mm Dionex
AGIl 4 mm MQ water 0-90% auto-suppression AS40 autosampler
ASIl 4 mm NaOH 5 mM10-100% recycle mode
500 uLL NaOH 100 mM 22-50%
2.0 mL min '
LGGE A" -CI 40001 ATC CG124mm  Gradient: Isocratic: ASRS-ultra4mm  CSRS-ultra 4mm  Hand injection
C*-CI 4500i AG54mm CSI2A MQ water 35-50%  MSA 10 mM auto-suppression chemical
AS54mm  4mm NaOH 1 mM 50% 1.0 mL min recycle mode suppression mode
1.2 mL 1.2 mL NaOH 200 mM 0-15% Regenerant: HySO,
1.8 mLmin ' 25mM, 35 mL min '
Cph A -DX500 AGH42mm CGI22mm Gradient: Gradient: ASRS-ultra 2mm  CSRS-ultra 2mm  ASM autosampler
C*-DX500 ASH42mm CSI22mm  MQ water 0-88% MQ water 0-88% auto-suppression auto-suppression
TAC-LPI1 TAC-LPI Na,B,0; 153 mM MSA 20 mM recycle mode recycle mode
1.5 mL 1.5 mL 12-100% 45-80%

0.6 mL min"!

0.5 mL min

1

Notes: All laboratories used Dionex systems with the corresponding standard pumps and conductivity detectors. Lab, laboratory; Flo, Florence; Sto, Stockholm;

BAS, British Antarctic Survey; LGGE, Laboratoire de Glaciologie et Géophysique de I'Environnement; Cph, Copenhagen.

oped (Udisti and others, 2000). This uses the IG analytical
method, but adapted to work at high resolution in the field
for a few components.

The European Project for Ice Coring in Antarctica
(EPICA) has as its first target a drilling to bedrock at the
central Antarctic site, Dome C (75°06'S, 123°24"E). All
three methods (IC, CFA and FIC) are being used along
the entire length of the core. Data are available at present
from the surface to 788 m depth, representing some 45 kyr.
This provides an excellent opportunity to compare the data
retrieved by the three methods, and to discuss the advan-
tages and disadvantages of each.

ANALYTICAL METHODS
Ion chromatography

IC was used to determine a large number of anions (I,
methanesulphonate (MSA ), Cl , NO; , SO,*", acetate, oxa-
late, formate) and cations (Na*, NH, ", K*, Mg”" and Ca™").

For the top 580 m, the samples for analysis were obtained
from 55 cm long subsections of the core, shipped back to
Europe. These strips of ice were distributed to the five IC
laboratories (each laboratory received one in every five
55 cm sections), and then decontaminated and cut into 5 cm
samples in cold rooms. The resolution was occasionally high-
er (25cm) for sections containing specific events. Below
580m, a faster alternative was used to produce the samples:
meltwater was collected directly into sample bottles from the
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CFA meltwater stream, sampling at 10 cm resolution. Each
laboratory received samples from one in every five 1.1m
sections of core, totalling about 330 samples per laboratory.
The IC analysis was carried out in clean laboratories by
five institutes, according to the experimental conditions
described inTable 1. At Dome G concentrations, the repro-
ducibility of the method varies for one laboratory in the
range 4—10 % depending on the species and concentrations.

Continuous flow analysis

CFA is based on a steady sample stream, which is split into
several lines and led into different detectors. The continuous
sample is obtained by slowly melting a subsection of the core
on a melting device. It splits the melting liquid from the inner
part of the core (presumed clean) from the outer part (pos-
sibly contaminated). Only the stream from the inner part is
used for the chemical analysis and for the IC samples men-
tioned above. At Dome C, the CFA included four fluores-
cence spectrometers for NH, ", Ca?", HyO, and HCHO,
two absorption spectrometers for Na™ and NO; , and a com-
mercially available conductivity cell and conductivity meter.
The depth resolution achieved with the set-up used is
approximately I cm. A more detailed description of the ana-
lytical set-up is found in Rothlisberger and others (2000).

Fast ion chromatography

The anions, C1, NO; and SO,* were also determined by
a semi-continuous method, in which a part of the output
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from the CFA melter (again the stream from the inner part
of the core) was directed to an ion chromatograph (Udisti
and others, 2000). A sample was injected into the IC every
I min, giving approximately one measurement for every
4 cm of ice. A volume of 0.75 mL of meltwater was loaded
onto a pre-concentrator column, and then eluted through
the IC using 1-2mM Na,CO3 and 0.1-05mM NaHCOs.
The method was initially designed for sulphate only, so
determinations of the other anions carried out in the 1997
98 field season (depths 99.0-3586 m) at Dome C are only
approximate, especially since the non-sulphate peaks were
close to the water dip. In the 1998/99 field season, conditions
were optimized, and then further improved for the final sec-
tion of processing (core below 580 m) thatoccurred in 2000.
Injecting a lower sample volume into a pre-concentration
column and increasing the eluent concentration allowed
separation of the peaks from the water dip. It is estimated
that detection limits of 0.5 ug kg ' were achieved, with repro-
ducibility at typical concentrations at Dome C of 2% for
NO; and SO,* and 4% for CI" (Udisti and others, 2000).

Inter-laboratory comparison between the five IC
groups

An inter-laboratory comparison exercise was undertaken in
1999 using Dome C ice samples. Identical samples were sup-
plied to each laboratory, taken from a pooled sample of
melted ice. The laboratories were asked to analyze each
sample on two separate occasions, using their normal meth-
ods. A second intercomparison is currently underway.

RESULTS AND DISCUSSION

Inter-laboratory comparison between the five IC
groups

In this exercise, two samples of Holocene ice (with low con-
centrations of many ions) were analyzed. There was good
agreement between the laboratories for some ions. However,
only for sulphate (around 100 ugkg ') was the agreement
between the laboratories better than 5%, the uncertainty of-
ten quoted by IC laboratories. This variation corresponds to a
£2.5% spread of the results from each laboratory around the
mean, with the spread expressed as the standard deviation of
the results from the five laboratories. For CI™ (15-20 ugkg '
range) and Na (around 20 ugkg '), the spread around the
mean was about +10%, and it was around +15% for MSA
(2-4 pgkg ' range) and Mg”>" (2-3 ugkg ' range). Consider-
ing the very low levels of these last ions, the ability to discri-
minate confidently between samples that are <1 ugkg '
different is encouraging. The concentrations of these Holo-
cene samples are among the lowest that are encountered in
polar snow for many elements, and some laboratories are hav-
ing to learn to operate nearer to their detection limits than 1s
customary for them.

The agreement for some other ions was not so good. TFor
nitrate (around 10 ugkg ") the spread was >=450%, but
comparison of the data generated by the laboratories sub-
sequently suggests that better performance is achieved in
routine analysis. We could not rule out the possibility that
nitrate had been affected by problems in sample preparation
and storage. Finally, for the cations, K™ (around 2 ugkg )
and Ca”" (around 10 ug kg "), the agreement was poor with
a spread of order £30%. In the combined record from all
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Iig. 1. Comparison of the samples analyzed by the five IC
laboratories in the depth interval 585—788 m. Each marker
represents the mean concentration over the whole depth interval
for one species obtained by one laboratory; the error bar repre-
sents the 99% confidence interval.

the laboratories, and for low-concentration Holocene ice, it
would be difficult confidently to differentiate short-term
changes in background concentration from inter-laboratory
differences, although there should be no difficulty in identi-
fying and quantifying sporadic peaks or long-term trends,
or in analyzing the dustier ice of the pre-Holocene period.

Comparison of sample-analysis statistics from the
five IC groups

Because the inter-laboratory comparison was quite limited,
we also tested whether similar populations of samples from
the five laboratories were reported as having similar mean
concentrations. This acts as a further check on the calibra-
tion between the laboratories.

This comparison concerns the 200 m section of glacial ice
at 585-788m depth, and the 330 samples received by each
laboratory were evenly distributed across the full section.
The overall mean concentrations from each laboratory for
each species measured are generally similar, as shown in
Figure 1. For most species, at least four of the mean results
reported lie within the range of the confidence interval.
The main differences between the mean values can probably
be ascribed to the analytical source, and may only partly be
influenced by unusual concentrations in certain sections.
Sulphate is a clear exception to this rule, though we are con-
fident that this is a result of an uneven distribution of sample
values. Superimposed on the general background sulphate
value of around 130210 pig kg ' lie many large volcanic spikes,
some > 1000 ugkg ', but these large peaks are not distributed
evenly among the laboratories. From the result of the inter-
laboratory comparison exercise, we know that the five labora-
tories are very consistent in the reporting of sulphate (this
result is compared in Figure 1 with the actual ice analyses).
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Fig. 3. Comparison of CFA (- - - ) and IC 5 cm resolution
(@—e) sodium data at low concentrations. The vertical lines
delimit the 55 cm sections of the core. For each section the IC
laboratory that carried out the analysis is indicated. The hori-
zontal lines represent the corresponding 55¢m CFA (- - -)
and IC (— ) mean values.

Sodium: CFA vs IC

"Io handle the wide difference in resolution between the two
methods, we compile the data into 55 cm (“bag”) averages
and plot in Figure 2 the comparison in results from identical
bags. Overall, the two methods are in good agreement: linear
regression slope of 1.04 (r? =0.946), and even distribution on
both sides of the theoretical line y = z up to 90 ugkg '. At
higher concentrations (90140 ugkg '), the CFA tends to
overestimate Na ", probably due to a calibration uncertainty.
These results were determined using a linear calibration, and
then applying a general correction above 50 ugkg ' to com-
pensate the non-linearity of the response at high concentra-
tions. The method has now been improved by using a non-
linear calibration. One can occasionally note a deviation
higher than the average: a clear example is point “a” in Figure
2. A detailed examination of this section showed that an erro-
neous calibration of the CFA has caused a systematic offset.
The CFA produces a large number of data, and only a careful
reprocessing could allow us to discard such a point. The
detailed sections (Figs 3 and 4a) confirm the quantitative
agreement of the two methods, respectively at both low (10—
20 ugkg ") and higher concentrations (60-90 ug kg ). Some
variations can occasionally occur due to the different resolu-
tions and some slight depth shifts between the two methods
(e.g. in Figure 3, peaks at 3499 and 351.Im). With a 5cm
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Iig. 4. Some detailed results for the depth interval 663
670m:(a) CFA (- - -) and 1IC 10 cm resolution (e—e)
sodium data. The vertical lines delimit the 1.10 m sections of
the core. The horizontal lines represent the corresponding
110m CFA (- - -) and IC (— ) mean values. For each section
the IC laboratory that carried out the analysis is indicated
(also applicable to (b—d) ). (b) CFA (- - -) and IC 10 cm
resolution (@—e) calcium data. (¢) CIA (- - -), FIC
(0—o0) and IC 10 cm resolution (e@—e) nitrate data. (d)
FIC (0—0) and IC 10 cm resolution (@—e) chloride data.

sample resolution (Iig. 3), the IC detects most of the peaks,
whereas only the main features remain with a 10cm reso-
lution (Fig. 4a). The high resolution of the CFA captures the
detailed structure of the signal, providing further informa-
tion for an analysis of the high-frequency variability.
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Calcium: CFA vs IC

Data from the high-resolution CFA analyses and the lower-
resolution IC analyses are available through the Holocene,
transition and late glacial periods, allowing us to compare
data across a wide range of concentrations. According to
the 55 cm (bag) averages analysis (Fig. 5), we can claim that
in general the two methods produce similar values: the
actual gradient of CFA vs IC is 1.04 (r? = 0934), close to
unity. Over a 6 m section (Fig. 4b) the IC data have the
appearance of a smoothed version of the high-resolution
CFA data, and the values measured appear consistent. How-
ever, when we compare some sections in detail (Fig. 6) we
can see problems arising. At low concentrations (Fig. 6a)
the IC records values rather higher than the CFA: this is
common throughout the Holocene samples. This discrep-
ancy could arise from a difference in the ability of the two
methods to measure all the Ca®” present; the eluent used in
IC (see Table 1) means that IC measures at approximately
pH2, where more particulate Ca®* will be soluble. However,
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Fig. 6. Detailed calcium results at different depths and con-
centrations showing the CFA (- - -) and IC (e—e) data.
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Fig. 7. Ammonium data for the top 150 m of the core. Comparison
between the CFA (— ) and the IC 55 cm mean concentrations
(each type of marker represents an IC laboratory ).

the poor comparison between the five IC laboratories at the
lowest concentrations for Ca®” in the inter-laboratory com-
parison also raises doubts about the IC analysis near to the
detection limit. Further work is needed to decide which, if
either, method, is quantitatively accurate at low concentra-
tion. At higher concentrations, such as found in the trans-
ition (Fig. 6b), the concentration recorded by the two
techniques is broadly similar, but itis clear that the CFA cap-
tures details that the low-resolution IC sampling does not.

Ammonium: CFA vs IC

Ammonium (NH, ") was analyzed by CFA in the field and by
IC in three laboratories. The available data up to 580 m show
two distinct parts depending on the depth. For the top 100 m,
the concentrations determined by IC are 5-50 times higher
than the CFA ones (Fig. 7). This section of the core corres-
ponds to the porous firn easily contaminated by trace gases
from the ambient air. The level of contamination decreases
progressively from the surface as the density of the firn
increases. The schedule of the sampling may explain the dif-
ference between the CFA and IC results: the CFA analysis
was carried out in the field 1-2 years earlier than the proces-
sing of the firn core for IC analysis in Europe. It seems diffi-
cult during a long storage and transport to prevent the NH, "
contamination of the firn sections. Below 100 m, the majority
of the IC concentrations are lower, but the two methods still
show a significant difference. When plotting the CFA results
against the IC (Fig. 8), we notice a considerable deviation
from the theoretical line y = «, but one laboratory did pro-
duce more consistent results than the others. Despite all the
usual precautions taken for the IC analysis (minimize the
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Iig. 8. CIA vs IC for the ammonium 55 cm mean values at
100-580 m. Each type of marker represents an IC laboratory.
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Fig. 9. Nitrate data: (a) CFAvs IC for the 55 cm mean values
up to 580 m; (b) FIC vs IC for the 55 cm mean values at 0—
99 and 358—788 m.

contact with the ambient air, analysis as soon as the samples
are melted, etc.), it seems difficult to avoid some contamina-
tion. It is well known that the ammonia present in the ambi-
ent air easily contaminates liquid samples (Legrand and
others, 1984), hence the CFA method seems more appropriate
than the IC as the meltwater does not come into contact with
the ambient air before analysis.

Nitrate: CFA vs IC and FIC vs IC

“Bag”average concentrations of nitrate measured by IC and
CFA are available from the whole of the Holocene, through
the transition and into the early part of the glacial period:
0-584m (except 123-320m for the CFA when the data are
considered unreliable) plus one deeper section. For the FIC
technique, while the full range of ice between 0 and 788 m
was measured, the section 99—-358 m was also considered
unreliable due to the immaturity of the technique. Figure 9
plots the data from the two rapid techniques against the IC
results. The linear regression of FIC on IC gives a slope of
1.05 (r?> = 0.88), while CFA on IC has a slope of 115
(r? = 0.88), implying that the rapid techniques generally
give higher values than the IC. CFA and FIC appear to
agree better, with a linear regression slope CFA on FIC of
1.02 (r? =0.92). Examination of a 6 m section of the core in
detail (Fig. 4c) shows the origin of this general result. The
IC data track the pattern of the high-resolution CFA profile
but at a lower concentration, and without capturing the
sharp, high-value peaks, while the FIC technique appears
slightly better at these sharp peaks. One bag section of I1C
data appears anomalously low, with CFA and FIC agreeing
closely across this bag. Other bag sections show a better cor-
respondence between FIC and IC. Generally, once the three
techniques were mature, they all gave good, reliable data,
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Fig. 10. Detailed sulphate results at different depths and concen-
trations showing the FIC data (0—o) and IC 5 cm resolution
data (e—e).

with the occasional short section where each of the tech-
niques gave poor results.

Sulphate: FIC vs IC

The FIC method was originally developed for SO,” ", so it is
pleasing to note that the agreement between the techniques
for this ion is good, both quantitatively and qualitatively.
Detailed features are seen similarly in both methods (Fig.
10), and although there is in some cases an offset (indicating
a calibration difference) between the two methods, the aver-
age of the absolute difference between the methods for a
single 55 cm interval is <10%, only slightly larger than the
precision of 1C by itself. The linear regression of FIC on IC
for 55 cm averages has a slope of 1.03 and a correlation coef-
ficient of 0.92. FIC therefore seems to be suitable for analysis
of SO, in the Dome C ice core.

Chloride: FIC vs IC

With the very short analysis time of FIC, the Cl peak is
hard to capture, and may be found in the water dip present
at the start of the chromatogram. In the 199798 season, CI
by FIC was not considered a mature method, while
improvements for the 1998/99 season allowed reporting of
results. Further improvements for the processing carried
out in 2000 seem to have solved remaining problems, and
the two methods now show very similar results, both in
detail (Fig. 4d) and on average (Fig. 11). Quantitative
accuracy is of particular importance when data are used to
derive ratios between ions (such as Cl /Na®), and is
achieved in data from 585 m downwards.
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788 m. FIC results were obtained during three field seasons:
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CONCLUSIONS

The IC, widely used until now for ice-core ionic analysis, is
awell-established method to determine a wide range ofions.
It benefits from the ability to calibrate carefully and
frequently, and re-analyze samples when problems are iden-
tified, but is very time-consuming. The slow sample prep-
aration and analysis make the method unsuitable for high-
resolution analysis in the field.

The development of the CFA has allowed fast analysis to
be carried out in the field for a smaller range of ions. The
method provides very high-resolution results, but requires
careful attention to calibration and to processing of the large
number of data. The comparison clearly showed that the
CFA gives better results than the IC for NHf, as it reduces
the risk of contamination. For other ions (Na', Ca’",
NOyj ), the CFA generally gives good results.

The other fast technique (FIC) developed to provide
high-resolution data in the field covers a few ions (CI,
NO; , SO,”") and offers a complement to the CFA by rapid-
ly analyzing ions not previously available by CFA (Cl,
SO,). It has proved to give excellent results for SO,” .
Initially, it was able to capture peaks and trends for the
other ions, but could not be used in situations where
accurate quantification was important. However, after
improvements to the method in the later analyses, it now
also gives good results for C1 and NOj .

We conclude that the determination of the full range of
species still requires a combination of analytical methods.
The CFA and FIC can be used to measure the main species
(Na”, NH,", Ca®", CI', NO; , SO,” ), and the IC allows
analysis of the other ions, as well as checking the analytical
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quality of the results obtained by the two fast techniques. Some
of the speed advantages of the in situ methods can be kept for
the IC by collecting meltwater in the field for the IC samples.
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