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ABSTRACT: Measurement of elemental concentrations in ice
cores are critical for determining atmospheric aerosol
variations. For such measurements, acidified ice-core meltwater
typically is analyzed continuously (<5 min after acidification)
or discretely (∼3 months after acidification). The reduced
acidification time during continuous analysis may result in a
measured elemental concentration that is lower than the
concentration of discrete analysis if particulates are not fully
dissolved. To evaluate this, sections of three ice cores from
Greenland and Antarctica were measured both continuously
(4.5 min after acidification) and discretely (repeatedly from 1
to 151 days after continuous measurements), with discrete
samples collected from the meltwater sample stream prior to continuous measurement. We show that elements such as Na, Sr,
and S dissolved readily and therefore were fully recovered during continuous measurements. Average recovery for other
elements was between 70 to 100% for Cd, Gd, Mg, Mn, U, and Yb, 50 to 90% for Ca, Ce, Sm, and V, and less than 50% for Al,
Fe, and La. Given the advantages of continuous measurements, we conclude that the preferred method for ice-core
measurements is continuous analysis with simultaneous discrete sample collection, followed by adjustment of the continuous
measurements based on discrete sample analysis at least 3 months after acidification.

1. INTRODUCTION

Impurities trapped in glacier ice constitute detailed records of
past atmospheric aerosol concentrations and changing
emission sources such as continental dust,1−4 volcanic
emissions,5−7 and industrial activities.8−13 Measurements of
aerosol-related elements in ice cores have been used widely in
climate change and other environmental research.
Elemental concentrations from ice-core meltwater typically

are measured using a High Resolution Inductively Coupled
Plasma-Mass Spectrometer (HR-ICP-MS) instrument. Labo-
ratory methods include the melting and subsequent acid-
ification of the meltwater with ultrapure acid to dissolve
particles prior to injection into the HR-ICP-MS instrument.
Early ice-core studies were based on discrete sampling
methods that consisted of subsampling the ice core into
discrete units. This approach required extensive sample
handling and decontamination procedures resulting in
relatively low depth resolution (∼20 to 200 mm). Decontami-
nation was accomplished through mechanical scraping or
rinsing with ultrapure water, and later, using small melter
systems to extract the decontaminated central core from a
small discrete longitudinal sample (e.g., 50 to 200 mm in
length).4,14−16 Once decontaminated, the discrete snow and
ice samples were melted in precleaned containers. Some recent
ice-core studies extended this melter-based decontamination
process by using an engraved, heated melter head to separate

continuous streams of meltwater from the outer and
decontaminated inner parts of a longer (e.g., 1000 mm)
longitudinal sample.17 Aliquots of the inner meltwater were
captured in vials, allowing for reduced sample handling
compared to previous discrete sampling techniques. Discrete
samples were acidified, often to 1% HNO3, and stored to
permit acid leaching of insoluble particles. In many studies, the
minimum period for acid leaching prior to analysis by HR-ICP-
MS was 24 h17,18 although studies (described further below)
have shown that acid leaching in most ice-core samples
continued for ∼3 months.19 While the discrete approach
allows for longer periods of acidification, care by the analyst is
required to ensure consistent acidification concentrations, time
of acidification, and contamination control to quantify
accurately the elemental concentrations.
Other recent ice-core studies further reduced sample

handling by Continuous Flow Analysis (CFA), which directly
injected the decontaminated meltwater stream into the
analytical instruments within a few minutes. These continuous
ice-core analytical systems often include simultaneous
measurements of a broad range of other elements and
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chemical species coregistered in depth.20−22 The continuous
approach ensures consistency in acidification amount and time,
minimizes sample handling and decontamination efforts, and
produces high-depth-resolution measurements (∼5 to 30
mm). However, there is concern that continuous systems
result in under-recovery of elements, particularly for more
recalcitrant insoluble particles because acid leaching times are
limited to a few minutes rather than the days to months
possible in discrete analyses.23

Several recent publications have attempted to quantify the
leaching of elements with time as applied to ice core
studies.3,23−26 One approach for determining the impact of
under-recovery was the simultaneous comparison of continu-
ous ice core measurements using an HR-ICP-MS and an ICP-
Optical Emission Spectrometer (ICP-OES) because of the
differences in the data collection process.3 The ICP-OES
instrument was set to integrate each element over several
seconds, while the HR-ICP-MS instrument measures a given
element for a fraction of the time before switching to the next
element. The authors demonstrated that the average percent
difference between the HR-ICP-MS and ICP-OES was greatest
for Al and minimal for Mg, Ca and Sr.3 Another approach was
to store discrete acidified ice core samples and measure the
acidified meltwater at various intervals. Edwards19 measured Fe
from Antarctic snow samples and demonstrated a progressive
increase in Fe from 1 to 90 days after acidification in 0.1 M
HCl. After 90 days, Fe did not increase significantly.19 Rhodes
et al.23 conducted a similar study using Standard Reference
Material (SRM) rock samples. Samples representative of dust
concentrations found in ice cores were manufactured by
powdering SRM and acidifying in 1% HNO3 followed by
analysis using a HR-ICP-MS instrument 10 min to 77 days
after acidification. The authors found that leaching was
dependent on acidification time and mineralogy.23 We note
that ice core samples were not used, rather freshly ground
SRM, which may have different properties than the aged dust
particles which are found in ice cores. Lastly, two similar
studies were conducted on ice core samples. Uglietti et al.25

discretely sampled, melted, acidified (2% HNO3), and
analyzed low-latitude ice cores samples from South America,
Africa, Asia, and Europe 1 day to 44 days after acidification.25

Full digestion with HF was also conducted, however, some
contamination might have occurred during the full digestion.25

For those elements not impacted by contamination (Mn, U
and V), enrichments of 20 to 40% in the fully digested samples
were observed, supporting that the total concentration of
crustal trace element is unlikely to be obtained by means of
acid leaching even when stable concentration values are
reached.25 Koffman et al.24 analyzed a suite of snow pit
samples from Antarctica and Alaska. Snow pit samples were
discretely melted, acidified, and analyzed 20 min to 91 days
after acidification.24

From these various studies, acidification time appears to
impact elemental concentration. These studies varied in the
location of the ice cores analyzed (and hence the lithology of
the crustal dust), the acidification concentration, and the
amount of time samples were acidified. Therefore, we present a
sampling and analytical protocol that allows for routine
assessment and correction for under-recovery in continuous
elemental measurements while retaining the efficiency and
high-depth-resolution capabilities of continuous ice-core
analytical systems. A fraction collector is used to capture a
representative subset of the acidified, decontaminated melt-

water stream prior to injection into the HR-ICP-MS (Figure
1). These discrete samples can be stored as long as necessary

to achieve the full benefit of acid leaching and subsequent
correction of the high-resolution continuous measurements for
under-recovery. Unlike in these previous acidification studies,
this approach enables continuous measurements to be directly
comparable to discrete measurements in ice cores.

2. METHODOLOGY
2.1. Samples. Three ice cores were tested for under-

recovery during continuous measurements. The Summit_2010
core6 collected from Summit, Greenland (72° 24′N, 43°
54′W) was analyzed from a depth range of 62.97 to 50.2 m
(1836−1879 CE) with seven discrete samples collected and
measured (Table S1 of the Supporting Information, SI). The
Antarctic Norwegian/U.S. traverse core site NUS_8_527 (82°
38′S, 17° 52′E) was analyzed from a depth range of 77.5 to
67.3 m (671−884 CE), and the B53 ice core (76° 47′S, 34°
54′E) was analyzed from a depth range of 61 to 26 m depth
(∼857−1601 CE) (Table S1). Five discrete samples were
collected and measured from NUS_8_5 and 18 from B53. The
Summit_2010 section analyzed was from the beginning of the
Industrial Revolution and therefore was not thought to be
significantly impacted by anthropogenic pollution and the
Antarctic ice core sections were preindustrialization.

2.2. Continuous Sample Collection and Analysis. The
ice cores were melted continuously at the Desert Research
Institute (DRI) using the method adapted from McConnell et
al.28 The ice core was melted using a three-ring, heated melter,
and a portion of the meltwater from the uncontaminated
center was immediately acidified inline to 1% HNO3, with

89Y
as an external standard (Figure 1). The continuous sample
stream was then introduced to a debubbler and from there to
two Thermo-Finnigan Element2 (Thermo Scientific, Bremen,
Germany) HR-ICP-MS instruments. Directly before injection
to the HR-ICP-MS instruments, 115In was added as an internal
standard and to increase the acid concentration to 2% HNO3
(Figure 1). Approximately four and a half minutes elapsed
between melting and analysis.27 One HR-ICP-MS measured a
suite of elements continuously in low resolution (M/ΔM =
300) while the other measured in medium resolution (M/ΔM

Figure 1. Schematic of the ice-core melter, HR-ICP-MS (left) and
CFA systems, with examples of elements and chemical species
analyzed. The ice is melted using a three-ring melter head with the
centermost 10% of the longitudinal ice-core sample cross-section
pumped to the HR-ICP-MS instruments and fraction collector
(highlighted in red).
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= 4000). At least one element was measured in both low
resolution and medium resolution to ensure instrument
functionality.
2.3. Discrete Sample Collection. Discrete samples were

collected from the meltwater sample stream prior to
continuous measurement. From the debubbler, a portion of
the 1% HNO3 acidified sample was pumped to a fraction
collector (Foxy 200, Teledyne ISCO, Nebraska, U.S.A.)
containing precleaned, metal-free 50 mL vials that were rinsed
with ultrapure water before collection (Figure 1). Vials were
precleaned by individually soaking in ultrapure 1% HNO3 for
at least 1 month and rinsing with ultrapure water in the
morning before analysis. Vials were filled for 25 min each,
resulting in collection of 30 to 50 mL. A data logger recorded
the timing of autosampler movement to each vial allowing for
the exact coregistration of the sample in the vial to the
continuous measurements. At the end of the day, vials were
capped and stored upright in vial racks at room temperature
until future discrete analysis. The debubbler, HR-ICP-MS
instruments, and fraction collector were housed in a class-100
clean room.
2.4. Discrete Analysis. Vials collected using the fraction

collector were measured discretely for comparison to the
continuous results. Vials were stored for 1 to 7 days before the
initial measurement (Table S1). Discrete samples were
prepared by shaking the 50 mL vial then pouring >4.5 mL
of the sample into a precleaned 7 mL vial. After aliquoting the
sample, the 50 mL vials were stored upright in vial racks at
room temperature until the next analysis.
Using an autosampler (ESI SC, Elemental Scientific,

Nebraska, U.S.A.), discrete samples were introduced to the
HR-ICP-MS instrument. Prior to injection into the HR-ICP-
MS, the discrete sample was acidified to 2% HNO3 with the
addition of 115In as an internal standard. Discrete elemental
analysis was conducted using the same configuration for
elemental analysis as the continuous method. Detection limits
were calculated as three times the standard deviation of >20
determinations of blank ultrapure 1% HNO3 which ranged
from 0.04 pg g−1 for 172Yb to 1.6 ng g−1 for 34S (Table 1).
2.5. Comparison between Discrete and Continuous

Measurements. The continuous data were averaged over the
corresponding time interval that each discrete sample was
collected. This allowed a direct comparison to the discrete vial
data (Figure 2). Discrete results after 151 days of acidification
were compared to continuous measurements to calculate the
percent recovered during continuous analysis. Table S1
provides an overview of the dates samples were analyzed
continuously and discretely for each core.

3. RESULTS AND DISCUSSION
To evaluate the effect of under-recovery on continuous
measurements, the three ice cores were analyzed both
continuously and discretely with the goal of understanding:
(1) concentration change with increasing acidification time;
(2) the percent recovered per element; and (3) how these ice
core-specific results compare to previous studies.
3.1. Concentration Change with Acid Leaching. The

percent under-recovered by element for the three ice cores is
summarized in Table 1. Figure 3 shows the concentration
change with time for select elements (all elements measured
are shown in Figures S1−S3). Most elements showed an
increased concentration with acidification time, however, the
rate of percent concentration change decreased with acid- T
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ification time for all elements (Figures 3 and S1−S3). For Ce,
Gd, Mn, and Pr the concentration increase for the first 2 days
ranged from 30 to 65% per day and after 90 days the rate of
concentration increase was on average less than 0.4% per day.
For Al and Fe the concentration increase with time was on
average from 30 to 60% per day for the first 2 days to <1% per
day after 90 days. For other elements (Ca, Mg, Na, S, Sm, Sr,
U, V, and Yb), the concentration increase for the first 2 days
ranged from 0 to 27% per day to less than 0.4% per day after
14 to 30 days of acidification (Figure 3). These observations
compare well to the results from Uglietti et al.25 and Koffman
et al.24 that also noted a reduction in the concentration change
with time, suggesting the concentrations are approaching a
maximum acid-leached concentration after 90 days. We note
that this plateau does not necessarily represent total
concentration of crustal material as total concentration can
only be achieved through a full sample digestion including the
use of stronger acids and microwave digestion. This was
outside the scope of this project as we focused on comparing
to acid-leached discrete sample analysis of ice cores.
3.2. Recovery of Sea Salt Associated Elements. To

quantify potential under-recovery of the continuous measure-
ments, the percent recovery was calculated as the ratio of the

vial-averaged continuous measurement to the discrete
measurement made 151 days later. Greater than 100%
recovery may represent precipitation of the element,24 loss of
the element through volatilization in the discrete sample, or
from experimental uncertainty, while less than 100% recovery
implies under-recovery during continuous measurements.
Sodium, S, and Sr, are in part sourced from sea-salt aerosols
and were fully recovered by continuous analyses for all ice
cores (Table 1). Magnesium demonstrated full recovery in the
Antarctic ice cores, but was 73% recovered in the
Summit_2010 core by continuous analysis. Both Sr and Mg
may also be sourced from dust,2 which may account for the
decreased recovery of Mg in the more dust laden
Summit_2010 samples. The typical elemental ratio of Na to
Mg in seawater29 was similar to the observations from B53 and
NUS_8_5 ice cores. The Na to Sr ratio observed in NUS_8_5
is similar to the Na to Sr ratio in seawater.29 These results
show sea-salt derived aerosols are quickly dissolved and do not
leach into solution with time.

3.3. Recovery of Dust Related Elements. For Green-
land, two primary dust sources have been geochemically
identified, a carbonate and an aluminous dust source.2 The
carbonate dust source was shown to be dominated by Ca and
less by Mg and Sr in Greenland.2 For Ca, increased recovery
was observed in the Summit_2010 core (78%) when
compared to the averaged Antarctic cores (58%). The Ca to
Sr ratio in the Summit_2010 and B53 ice cores and the Ca to
Mg ratio in the Summit_2010 ice core are similar to the mean
sediment ratio.30

Aluminum was previously shown to be the dominant
aluminous dust derived element in Greenland.2 Aluminum
was significantly under-recovered during continuous measure-
ment in all ice cores (Table 1) with 19% recovered for the B53
core, 27% and 34% for the NUS_8_5 and Summit_2010 cores,
respectively. Rare earth elements (REEs) also have been used
as tracers of dust in ice cores.31,32 Of the REEs, La exhibited
the lowest recovery during continuous measurements, with
43% recovered for Summit_2010 samples and an average of
34% recovered for the Antarctic samples. The percent recovery
for Ce was 67% and 51% for Summit_2010 and Antarctic
cores, respectively. Gadolinium and Yb demonstrated a greater
recovery during continuous measurement relative to Ce, Pr,
and Sm (Table 1). Other tracers of continental dust include
Cd, Fe, Mn, V, and U2,4,33,34 and of these elements, Fe was the
least recovered (Table 1). Percent recovered for Cd was 94%
in the NUS_8_5 samples, while the percent recovered for Mn
was 83% for Summit_2010 and 74% for B53. Vanadium was
60% recovered for Summit_2010 and ∼80% for the Antarctic
samples, however results from NUS_8_5 were highly variable
(Table 1). Uranium was ∼85% recovered for Summit_2010
and Antarctic cores. Overall, Al, Fe, and La concentrations
increased with longer acidification times, and therefore were
significantly under-recovered during continuous measure-
ments, an observation also noted in previous studies.24,25

Rather, Cd, Ce, Gd, Mn, Sm, U, or Yb are more easily
dissolved and are recommended for continuous analysis.

3.4. Recovery of Anthropogenic Pollution Related
Elements. Previous measurements in polar and midlatitude
ice cores show that during the past 250 years, increased
concentrations of heavy metals (e.g., Cd, Tl, Pb), S, and U can
be attributed to anthropogenic sources including coal
burning,8,10 oil emissions,10 and mining and smelting.9,35

Anthropogenic-derived elements potentially would be easily

Figure 2. (Left) Summit_2010 results plotted with analysis hour.
Gray are the continuous data. Red bars are the averaged continuous
data using the recorded vial collection time. Purple bars are discrete
sample results after 151 days of acidification. Zero values are the
routine pauses in the analysis day. (Right) Cross plots of initial
concentration versus final concentration.
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dissolved as pollutants are thought to be coatings on particles
(e.g., dust36). The ice core samples analyzed in this study were
not from a period of significant anthropogenic emissions
therefore the leaching of anthropogenic pollution elements was
not tested.
3.5. Enrichment Factors. Calculation of crustal enrich-

ment factors (EFc) are used to determine the sources of the
measured elemental concentrations.4,7,23,37 The equation used
to calculate EFc was:

=EF
element A /element B

element A /element BC
ice ice

crust crust (1)

where element A was the concentration of the element of
interest and element B (in this case Ce) was an element
assumed to be of crustal origin, with crustal abundance based
on Bowen et al.30 If the two elements leached at a different
rate, then the calculation of EFc may be affected. Figure 4
shows the EFc calculations with time for the various ice cores.

Figure 3. Measured elemental concentration versus number of days of acidification since continuous analysis. This demonstrates concentration
changes with time (0 = continuous analysis) for Summit_2010 (top rows), NUS_8_5 (middle rows), and B53 (bottom rows). The keys show the
discrete vials analyzed. * indicates not measured continuously.
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Results demonstrate that all EFc values were below 10,
suggesting that all ice cores exhibit a well-defined crustal
source. Minimal changes in EFc calculations with time were
observed, particularly after 1 week of leaching (Figure 4).
When Al or Fe were used to calculate EFc, an increase in the
enrichment factor with time was observed because of Al and Fe
leaching into solution throughout the experiment. Therefore,

Al and Fe are not ideal for EFc calculations from continuous
data, rather more readily acid-leached Ce is recommended for
EFc calculations. In agreement with the findings of Uglietti et
al.,25 these results suggest that differential leaching does not
significantly impact conclusions based on crustal enrichment
factors.

3.6. Other Drivers of Recovery. For Al, Ca, Ce, Gd, Mn,
Pr, and Sm a greater recovery during continuous analysis was
observed for the Summit_2010 samples relative to the
Antarctic samples. When comparing between the Antarctic
samples, Gd, La, Pr, U, V, and Yb showed a greater recovery
during continuous analysis for the B53 samples than the
NUS_8_5 samples (Table 1). Possible drivers of such
variability may include particle concentration,25 mineralogy23

or relative concentration of the sea-salt source (in particular for
Ca). We note that for B53 (the ice core with the greatest
number of samples), no significant correlations were observed
when comparing the initial continuous concentration to the
percent recovered, with the exception of V (Figure S4).
Therefore, the percent concentration change was not thought
to be dependent on the elemental concentration, similar to
previous observations.25 The results from B53 also supported
no significant correlation between insoluble particle concen-
tration, as measured using an Abakus particle counter (Markus
Klotz GmbH, Bad Liebenzell, Germany), and the percent
recovered during continuous analyses (Figure S5), also similar
to previous observations.25 Rather, mineralogy may account for
the observed differences.

4. COMPARISON TO PREVIOUS STUDIES

We performed an evaluation of the method presented here by
comparing the recovery results from this study to previously
published results. Compared to earlier work, the discrete
samples remained acidified for longer than previous studies
(151 days versus <90 days in most studies), and our approach
enables continuous measurements to be directly comparable to
discrete measurements in ice cores. For the previously
published studies shown in Figure 5, the percent recovery
was calculated as the ratio of the initial measurement (10−24 h

Figure 4. Calculated EFc values versus number of days of acidification
since continuous analysis: Summit_2010 (left column), NUS_8_5
(middle column), and B53 (right column). The sample keys are
shown in Figure 3.

Figure 5. Percent recovered from this study compared to previous studies. The averaged results from Summit_2010 are shown in red, NUS_8_5 in
black and B53 in gray. The Koffman et al.17 study from Antarctica snow pits are shown in green. JG-2 10 ppm results (blue) are shown from the
Rhodes et al.16 study. Average percent recovered for all ice cores (yellow) from the Uglietti et al.18 study. Error bars are standard errors.
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after acidification) to the final measurement. This comparison
represents a maximum amount recovered during initial
measurements because if previous studies had acid-leached
for longer, then the final concentration would have increased
and the amount recovered would have decreased. For the
Rhodes et al.23 study we compared to the JG-2 10 ppm sample
(comparable to dust concentrations observed in Greenland
during the Last Glacial Maximum), which was a biotite-rich
granite sample. For the Uglietti et al.25 study we compared to
the average percent recovered for each element from all of the
measured ice cores. For the Koffman et al.24 study we
compared to the acidified snow pit samples from WAIS Divide,
Antarctica.
Of these four studies, Koffman et al.24 showed the lowest

recovery during initial measurement for Cd, Ce, Fe, La, Mg,
Mn, S, Sr, and U (Figure 5). The Rhodes et al.23 JG-10 sample
showed the lowest recovery during initial measurement for Al,
Ca, Gd, and Na. Uglietti et al.25 showed the lowest recovery
during initial measurement for V. The variations between
studies could be because of differences in sampling methods,
sampling locations, methodological differences, or contami-
nation during melting of the ice, acidification or from vials.
Overall, the studies support Al, Fe, and La were the least
recovered during initial analysis (Figure 5).

5. APPLICATION FOR ICE CORE ANALYSIS
We presented a sampling and analytical protocol that allows for
routine assessment and correction for under-recovery in
continuous elemental measurements while retaining the
efficiency and high-depth-resolution capabilities of continuous
ice-core analytical systems. Continuous HR-ICP-MS techni-
ques allow for the immediate, consistent acidification of
meltwater and subsequent analysis within minutes, resulting in
increased depth resolution and allowing for the exact
coregistration with other elements, chemical species, and gas
measurements. Furthermore, continuous approaches reduce
required sample size, sample handling, and contamination
potential. Therefore, we recommend that results of continuous
ice core analyses are compared to those from discrete vials
simultaneously collected to assess for elemental leaching. The
approach used here was recently applied to the NGRIP2 ice
core from Greenland analyzed at DRI using the continuous
system.38 Discrete vials collected during continuous measure-
ments were analyzed 4.5 months after continuous analysis. The
32 samples spanned from 1000 BCE to 600 CE and recovery
during continuous analysis was 100% and 60% for Pb and Ce,
respectively. Results were similar to the Summit_2010 findings
for Ce (67%, Table 1). The NGRIP2 ice core record for Ce
was subsequently scaled by a factor of 1.7 to correct for under-
recovery and no correction for lead was necessary.38 We
recommend for routine analyses that the analyst select a
representative set of discretely collected vials per core and
analyze the vials after ∼3 months of acidification for most
elements and >3 months for Al, Fe, and La and the continuous
analyses are subsequently scaled.
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