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� Development of open-cell LA-ICPMS
techniques to measure ultra-trace
carbonate REEs using SF-ICPMS with
a jet-interface.

� Improvement of detection limits to
sub-ng g-1 levels.

� Quantification of micro-domain sta-
lagmite REEs containing as low as
single digit ng g-1.

� Two recognizable abrupt events with
substantial REE anomalies across a 4-
mm interval of a stalagmite, depos-
ited during 87-80 ka.
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This work presents a high-sensitivity approach to quantify ultra-trace concentrations of rare earth ele-
ments (REEs) in speleothem carbonates using open-cell laser ablation-sector field-inductively coupled
plasma mass spectrometry (open-cell LA-SF-ICPMS). Specifically, open-cell LA in combination with a gas
exchange device enabled sampling of large-scale carbonate specimens in an ambient environment. The
use of a “jet” vacuum interface and the addition of small amounts of N2 gas allowed for a 20e40 fold
sensitivity enhancement compared to the conventional interface configuration. Mass load effects,
quantification capabilities and detection power were investigated in analyses of reference materials
using various combinations of spot sizes and laser repetition rates. From a 160 mm diameter circular laser
spot and 10 Hz ablation frequency, limits of detection were in the low or sub-ng g�1 range for REEs. Little
dependence of Ca normalized sensitivity factors on the amount of material introduced into the plasma
was observed. Relative deviations of quantified concentrations from USGS MACS-3 preferred values were
smaller than 12%. The analytical approach enabled the determination of REE concentration profiles at the
single digit ng g�1 level. Application to a 15-cm piece stalagmite collected from East Timor revealed at
least two abrupt elevations in light rare earth elements (LREEs) within a scanning distance of 8mm.
These anomaly regions extended over a distance of z200 mm and showed LREE abundances elevated by
at least one order of magnitude. This high-resolution open-cell LA-SF-ICPMS method has the potential to
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be applied in micro-domain analyses of other natural carbonates, such as travertine, tufa, and flowstones.
This is promising for a better understanding of earth and environmental sciences.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The accurate determination of preserved high-resolution trace-
element- and stable-isotope-variations in slowly growing natural
carbonates, such as stalagmites, has recently gained extensive
attention in the field of geology, earth- and environmental-sciences
[1e5]. Stalagmites often grow continuously and can be accurately
dated bymeans of radiometric techniques. Furthermore, they suffer
little from secondary alteration and are therefore considered to be
ideal multi-proxy archives for past climatic and environmental
changes [6e10].

The geochemistry of rare earth elements (REEs) in speleothems,
such as stalagmites, has been studied for understanding contem-
porary and late-quaternary climatic processes [11e13]. Since REEs
are enriched in igneous rocks but depleted in carbonates [14], REE
series preserved in stalagmites are considered to be an ideal
indictor to reconstruct past gigantic volcano eruptions [15].

Diverse analytical methods, including neutron activation anal-
ysis (NAA) [16], inductively coupled plasma atomic emission
spectrometry (ICPAES) [17], thermal ionization mass spectrometry
(TIMS) [18], and inductively coupled plasma mass spectrometry
(ICPMS) [19] have been employed for quantitative analyses of REEs
in natural carbonates. Specifically, the detection capabilities offered
by solution nebulization ICPMS allow multi-element analysis of
carbonate REEs at ng g�1 to sub-ng g�1 levels [19e21]. However,
these techniques were all based on discrete mini-domain sampling
strategies and time-consuming sample preparation protocols,
which prohibited acquisition of high-resolution records (<500 mm)
[22] and limited sample throughput. In 2011, Shen et al. [23]
developed a fast and precise method, using sector field-inductively
coupled plasma mass spectrometry (SF-ICPMS) for the determi-
nation of carbonate REEs in femtogramquantities without chemical
separation processes. Although a high sample throughput of 8e10
samples per hour could be achieved, steps of physical subsampling,
dissolution, and dilution were still required.

Laser ablation sampling in combination with inductively
coupled plasma mass spectrometry (LA-ICPMS) offers the capabil-
ities for the rapid, in-situ determination of major, minor and trace
element concentrations [24,25]. High sensitivity, large linear dy-
namic range and the possibility to collect data at high lateral res-
olution between single digit and hundreds of mmmake LA-ICPMS a
powerful tool for element- and/or isotope-specific microanalyses in
solid materials [26].

In conventional LA-ICPMS analyses, the sample of interest needs
to be placed inside an enclosing ablation chamber that limits the
size of objects that can be analyzed to several centimeters. This
constrains the applicability of LA-ICPMS for the analysis of large-
scale stalagmites. In 2013, Tabersky et al. [27] introduced an
open-cell LA-ICPMS approach that allows analysis of differently
sized and shaped samples in an atmospheric environment. Large
samples do not need to be cut to fit within an ablation cell anymore,
which prevents sample damage and avoids loss of information.
Validity of this approach has been tested with various standard
reference materials (SRMs). Suitability for the analysis of large-
scale stalagmite samples has been demonstrated. REE concentra-
tions in the several hundreds of ng g�1 regime could be quantified
in glass SRMs using the open-cell LA approach in combinationwith
a quadrupole-inductively coupled plasma mass spectrometer (Q-
ICPMS). However, this setup was not sensitive enough to determine
REE profiles in the stalagmite sample. This was due to the very low
REE abundances in natural carbonates, typically ranging from
several hundreds of pg g�1 to several tens of ng g�1 [11,28].

Here we propose an advanced LA-ICPMS methodology that is
based on the combination of open-cell LA with a SF-ICPMS. The use
of a jet-interface with the addition of small amounts of N2 gas
allowed a 20e40 fold sensitivity enhancement, which translated
into a more than one order of magnitude improvement in limits of
detection (LODs). This enabled the quantitative determination of
speleothem REE concentrations in the single digit ng g�1 range.
Emphases were placed on the investigation of mass load effects
[29], the evaluation of quantification capabilities, and detection
power. Following careful method development, the open-cell LA-
SF-ICPMS approach was applied to a stalagmite collected from East
Timor. REE concentration profiles showed several possible volcano
events within the time period of 79e86 thousand years ago (ka,
before 1950 AD, hereafter).
2. Analytical procedure

2.1. Instrumentation

All experiments were carried out using a 193 nm ArF excimer LA
system (GeoLas C, Lambda Physik, G€ottingen, Germany) coupled to
a SF-ICPMS (Element XR, Thermo Fisher Scientific, Bremen, Ger-
many). LA was performed on standard reference materials (SRMs)
with either a conventional closed ablation chamber, or an open-cell
setup. ICPMS detection was carried out operating the Element XR
instrument with either standard- or jet-interface configuration.

The closed-cell setup consisted of an air-tightly sealing cylin-
drical ablation chamber that could hold samples of up to 50mm
diameter and offered a total volume of 63mm3 [30]. The open-cell
setup comprised an aerosol entrainment device (MANTA) that
allowed LA sampling from almost arbitrarily sized objects and a
large-capacity gas exchange device (GED, J-SCIENCE Lab Co., Ltd.,
Kyoto, Japan). By means of a membrane pump, the laser-generated
aerosols were extracted from the sampling site and delivered to the
GED.Within the GED, the air was exchangedwith argon to allow for
operation of the ICP [27]. Specifically, with the open-cell setup, LA
sampling was just limited by the scanning range of the translation
stage (>230mm in length, 34mm in width, and 16mm in height).
Fig. 1 provides a schematic representation of the open-cell LA-SF-
ICPMS approach. A detailed description and evaluation of this
methodology can be found in the literature [27].

In standard configuration, the vacuum interface of the SF-ICPMS
comprised a standard sampler cone and a nickel X skimmer cone
(X-version, Thermo Fisher Scientific, Waltham, USA). In jet config-
uration, the standard sampler cone was replaced with a jet sampler
cone (JET-version, Thermo Fisher Scientific, Waltham, USA). Addi-
tionally, a high capacity vacuum pump was used to maintain the
pressure gradient between the ICP, the interface region and the
mass analyzer. Small amounts of N2 gas were admixed to the carrier
gas stream before the aerosol was introduced into the ICP torch.

Operating parameters of the LA-SF-ICPMS setup are reported in
Table 1. They were adjusted to allow maximum sensitivity for 238U



Fig. 1. Schematic representation of the open-cell LA-SF-ICPMS approach. The airborne aerosol is introduced into a GED where the air is exchanged with argon. Upstream of the ICP
torch, Ar carrier gas is added. When the jet-interface is used, a minute amount of N2 gas is supplied as well. Detection is carried out by SF-ICPMS.

Table 1
Operating parameters of the LA-SF-ICPMS setup.

Laser ablation system: GeoLas C
Wavelength 193 nm
Pulse duration 16 ns
Laser fluence 14e17 J cm�2

Laser spot size 16e160 mm
Laser repetition rate 5e40 Hz
*Carrier gas flow (He) 1.0e1.2 Lmin�1

#Carrier gas flow (Air) 0.8e0.9 Lmin�1

#Sweep gas flow (Ar) 8.0e10 Lmin�1

ICPMS: Element XR
Sample gas flow (Ar) 0.8e1.0 Lmin�1

Auxiliary gas flow (Ar) 0.8e1.2 Lmin�1

Cooling gas flow (Ar) 16 Lmin�1

RF power 1225e1500W
N2 gas flow (jet-interface) 15e20mLmin�1

Mass resolving power (M/DM) Low (300)
Samples per peak 20
Integration time 8ms
Integration window 40%
Integration type Average
Time per sweep 0.49 s
Distance per sweep 4.9 mm
Detector mode Triple
232Th16Oþ/232Thþ 0.3e0.5%
238Uþ/232Thþ 0.98e1.02

* applied only to the closed-cell setup.
# applied only to open-cell setup.
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while maintaining high sensitivity for a broad mass to charge (m/z)
range, low oxide formation rates and similar 238U and 232Th sen-
sitivities. They were determined for every instrumental approach
separately from ablation of NIST SRM 612 with a 16 mm diameter
circular laser spot, 10 Hz ablation frequency and 10 mms�1 scan
speed.

2.2. Experimental design

Sensitivities have been determined for the closed-cell and the
open-cell setup. Both setups have been tested with the standard-
and the jet-interface. LA was carried out on NIST SRM 612 with a
laser spot of 160 mm, 10 Hz ablation frequency and a scan speed of
10 mms�1.

Mass load effects were investigated by evaluating the abun-
dance corrected sensitivities and the variation of sensitivity ratios
to the internal standard as a function of the area ablated with cir-
cular laser spots of variable diameters in the range from 16 mm to
160 mm. Given the homogeneous beam profile delivered by the LA
system used in this study, the area ablated with a certain spot is
considered a direct measure for the mass load introduced into the
system.

Quantification capabilities of the open-cell LA-SF-ICPMS
approach were tested in analyses of NIST SRM 612, NIST SRM 614
and USGS MACS-3. Relative sensitivity factors were determined
from ablation of NIST SRM 610 (analysis of NIST SRM 612 and NIST
SRM 614) and NIST SRM 614 (analysis of USGS MACS-3).

2.3. Data collection, processing, and evaluation

Data was acquired following a standard sample standard
bracketing protocol comprising data from acquisitions of an
external reference material to establish relative sensitivities, un-
known samples, and an external reference material again to correct
for instrument drift. This sequence is a conventional protocol for
ICPMS analyses such as Q-ICMPS [15,27] or time-of-flight ICPMS
(TOF-ICPMS) [31,32]. For each individual acquisition, gas blank
signal intensities were determined and used as a measure for
background signal intensities and subtracted from the signals
recorded during ablation.

Quantification was performed using an in-house developed
software package STALQUANT [33] that follows the algorithm
proposed by Longerich et al. [34]. Two different quantification
schemes were used for calculation of high-resolution concentration
profiles and determination of bulk element abundances. High-
resolution concentration profiles were established by relating the
mass scan acquisition time to the LA sampling position. In these
experiments, every data point of a given time trace was quantified
individually. Unlike that, bulk concentrations were determined
from isotope intensities averaged over the ablation period. In all
experiments, 44Ca was selected as the internal standard isotope.

The critical level of an analysis has commonly been calculated by
taking three times the standard deviation of a gas blank as a
measure for the background noise [34]. Here, the instrumental REE
background intensities consisted of stochastic single ion counts.
Thus, according to the recommendation of the International Union
of Pure and Applied Chemistry (IUPAC), LODs were calculated
assuming counting statistics [35] as outlined in the supporting
information.

2.4. Stalagmite sample

The stalagmite sampleMC 4e2 was collected from Lekiraka cave
in East Timor (8�47010.800S, 126�23031.100E). The cave is located in a
region surrounded by hundreds of volcanoes, which form a part of
the “Pacific Ring of Fire”. The stalagmite sample was sliced into
slabs of 1 cm thickness and their surfaces were polished. Slab MC
4e2 analyzed in this study is 15 cm in length and 5 cm in diameter.
From slab MC 4e2, several drilling subsamples of 50e100mg each
were taken for U-Th dating [36]. U-Th ages indicated that this
stalagmite grew in the time period from 101 to 73 ka.

The stalagmite sample MC 4e2 was analyzed using the open-
cell LA-SF-ICPMS approach developed in this study. Spatially
resolved trace element concentration profiles were calculated from
time traces recorded in two individual line scanning experiments.
In both studies, the stalagmite was scanned across a distance of
8mm that covered the time period from 86 to 78 ka. The ablation
tracks were running in parallel to each other and were separated by
several 100 mm. Both experiments were carried out with a 160 mm
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diameter circular laser spot and an ablation frequency of 10 Hz. The
scan speed of 10 mms�1 resulted in a lateral displacement of 4.9 mm
for an entire mass scan. Prior to the acquisition of high-resolution
concentration profiles, the sample surface was cleaned with a low
energy LA routine (3.7 J cm�2

fluence, 160 mm diameter circular
laser spot, 10 Hz ablation frequency, 10 mms�1 scan speed).

The average elemental composition of the anomaly layer and
the adjacent baseline regions were investigated with hole drilling
experiments. These studies were performed with a 160 mm diam-
eter circular laser spot and 10 Hz ablation frequency.

For line scanning and hole drilling experiments, NIST SRM 614
was used as the calibration standard to establish relative sensitivity
factors. Specifically, NIST SRM 614 was selected as external refer-
ence material [37e39] because its lower REE levels
(720e813 ng g�1) better match the expected speleothem REE con-
centrations than USGS MACS-3 or the more frequently used NIST
SRM 612 or NIST SRM 610 [15,40,41].

Stoichiometry of the stalagmite sample was assumed as pure
calcite and a Ca concentration of 400,000 mg kg�1 was used for
internal standardization. This estimation cannot account for
changes in the matrix composition and quantitative results will be
biased when carbonate samples with variable concentrations of
trace elements, organic material, and/or detritus are analyzed.
However, this simplification was considered appropriate for the
purpose of this study.

Signal intensities recorded from ablation of the stalagmite
sample were occasionally spiking. This observation was attrib-
uted to remobilization of large particulates that got previously
deposited at the walls of the MANTA, the aerosol transfer lines or
the membranes within the GED. These spikes were removed
from the time traces in an offline data processing routine. Data
points that showed deviations exceeding a threshold of three
times the standard deviation of the mean ion signal intensity
calculated from its two adjacent data points were excluded from
analysis. The average isotopic intensity was calculated as geo-
metric mean, the standard deviation was derived assuming
counting statistics.
Fig. 2. Abundance corrected sensitivities (cps� g� ng�1) for the selected light-to-
heavy elements. Data are reported for the closed-cell and open-cell setup. Both
setups have been tested in combination with the jet vacuum interface and the standard
vacuum interface. Experiments were carried out on NIST SRM 612 with a 160 mm
diameter circular laser spot, 10 Hz ablation frequency and 10 mms�1 scan speed. Error
bars indicate the standard deviation of the signal intensity recorded during at least 30 s
of ablation.
3. Results and discussion

3.1. Abundance corrected sensitivities as a function of the
instrumental setup

Fig. 2 displays abundance corrected sensitivities for selected
elements. Specifically, the isotope selection is covering a large
proportion of the elemental m/z range and includes the complete
suite of the REEs.

The use of the jet-interface in combination with the addition of
small amounts of N2 gas allowed a sensitivity enhancement by a
factor of 20e40. This effect was observed for both, the closed-cell
LA and the open-cell LA setup. For example, we found that the
abundance corrected sensitivities for La were increased from 70 to
1300 cps� g� ng�1 (closed-cell LA) and from 13 to 460
cps� g� ng�1 (open-cell LA), respectively. This observation could
be attributed to an improvement in ion extraction efficiency from
the ICP and the first expansion stage enabled by the specific design
of the jet sampler cone and the increased pumping speed [42,43]. A
2e4 fold lower sensitivity observable with the open-cell LA setup
has already been reported in a previous study [27]. This observation
is explained with differences in transport efficiencies and material
re-deposition related to the utilization of different carrier gases. For
both LA setups, REE background signals intensities were main-
tained at similar values in the range from 0 to 1000 counts per
second (cps) (Fig. S1).
3.2. Mass load effects

Fig. 3A shows abundance corrected sensitivities as a function of
the area ablatedwith circular laser spots of various diameters (16, 24,
44, 60, 90,120,160 mm). Results are reported for Al, Ca, La, Ho, Lu and
U. These elements were specifically selected to represent trace ele-
ments, matrix elements, light rare earth elements (LREE), middle
rare earth elements (MREE), heavy rare earth elements (HREE) and
actinide elements. Fig. 3B displays the same data normalized to Ca.

The abundance corrected sensitivities reported in Fig. 3A did not
increase proportionally to the area ablated with laser spots of
variable diameters between 16 mm and 160 mm. For example, for a
100 fold increase in laser spot area, we determined an only 35 fold
increase in abundance corrected sensitivity for La. The abundance
corrected La sensitivities were 13 and 460 cps� g� ng�1 from
16 mm to 160 mm laser spots, respectively. Explanations for this
observation include a reduced aerosol transport efficiency with
increasing mass load. This could be a result of settling losses that
became more significant with increasing mass ablation rate.
Greater losses most likely occur within the MANTA because
changing the laser repetition rate for a fixed spot size did follow a
near-linear trend (Fig. S2). The non-linear dependency of abun-
dance corrected sensitivities from laser spot area is thus less likely a
consequence of the changes in absolute aerosol density within the
carrier gas, but rather related to the wider aerosol plume expansion
after ablation with a larger laser spot.

Importantly, the sensitivity ratios of REEs relative to Ca remained
nearly unaffected by the mass load introduced into the system
(Fig. 3B). Relative standard deviations computed from seven mea-
surements with spot sizes between 16 mm and 160 mm were 1.1%,
1.8% and 1.9% for La/Ca, Ho/Ca and Lu/Ca sensitivity ratios, respec-
tively. These results are in agreement with previously reported
findings [29,44,45] and indicate that there was little mass-load
induced fractionation between REEs and Ca. However, Ca normal-
ized U sensitivity ratios decreased by about 10% when the laser spot
diameter was changed from 16 mm to 60 mm. This behavior is not yet
fully understood but is not expected to have a strong influence on
quantitative results obtained when mass load matching between



Fig. 3. (A) Abundance corrected sensitivities for the selected elements as a function of
the area ablated. Experiments have been carried out with the open-cell LA setup
coupled to the jet-interface equipped SF-ICPMS. The analyses were carried out with
circular laser spots of various diameters in the range from 16 mm to 160 mm, constant
ablation frequency of 10 Hz, and a scan speed of 10 mms�1. LA was performed on NIST
SRM 612. The error bars indicate the standard deviation of the signal intensity
recorded during at least 30 s of ablation. (B) Ca normalized sensitivity ratios calculated
from data reported in Fig. 3A.
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external reference material and sample is provided. The significant
difference in Ca normalized Al sensitivity ratios obtained from
ablation with a 120 mm and a 160 mm laser spot is most likely an
artifact caused by incorrect cross calibration between the analog
mode of the secondary electron multiplier (SEM) which is used to
detect Al signal intensity in experiments carried out with laser spots
�120 mm and the Faraday detector, which was used to register Al
signal intensities from 160 mm spots. However, trace element con-
centrations are orders of magnitude lower in stalagmites than they
are in NIST SRM 612. They can be detected using the SEM only and
issues related to an incorrect Faraday cross calibration are not ex-
pected to affect quantitative REE concentration profiles.

Based on these results, we have decided to use a 160 mm
diameter circular laser spot, an ablation frequency of 10 Hz and a
scan speed of 10 mms�1 for further experiments.
Fig. 4. Limits of detection (LODs) obtained for NIST SRM 612 and the stalagmite
sample using a 160 mm diameter circular laser spot, 10 Hz ablation frequency and a
scan speed of 10 mms�1. LODs are based on counting statistics [35].
3.3. Limits of detection as a function of the instrumental setup

Fig. 4 reports LODs calculated using Poisson-based statistics
from ablation of NIST SRM 612 and the stalagmite sample MC 4e2
with a 160 mm diameter laser spot using 10Hz ablation frequency
and a scan speed of 10 mms�1.

For both, the closed-cell LA and the open-cell LA approach, the
use of the jet-interface in combination with the addition of small
amounts of N2 gas allowed an improvement of LODs by one to two
orders of magnitude. From integration of signal intensities recorded
during 30 s of ablation (300 LA pulses) with the open-cell setup, we
determined LODs for REEs in the ranges from 0.04 to 0.3 ng g�1 and
from 0.08 to 0.5 ng g�1 for the glass NIST SRM 612 and the stalag-
mite sample, respectively. However, evaluation of time traces on a
single point basis, as required to establish spatially resolved trace
element profiles in the stalagmite, would result in approximately
35 times increased LODs. This is a result of the shorter integration
period.

In another study, Jochum et al. [45] determined LODs for REEs in
speleothems using a 213 nm LA system coupled to the Element 2
SF-ICPMS with the standard-interface configuration. LA was per-
formed in a closed ablation chamber with a 110 mm diameter cir-
cular laser spot and 10 Hz ablation frequency. LODs were in the
range from 0.5 to 5 ng g�1. These calculations were based on the
conventional 3s approach proposed by Longerich et al. [34].
Following this approach would lower the LOD estimates for the
experiments reported in this study by approximately one order of
magnitude in cases of low background signal intensities.

SF-ICPMS typically provides high ion transmission and usually
low instrumental background, which translates into low LODs.
However, magnetic scanning limits the scan speed and therefore
the isotope coverage when short transient signals need to be
registered. The open-cell LA approach can also interface with other
types of ICPMS instruments, such as Q-ICPMS or TOF-ICPMS, while
the jet-interface is currently available for the sector field in-
struments of Thermo Fisher.
3.4. Evaluation of accuracy and precision

Fig. 5 reports recoveries calculated for the analysis of USGS
MACS-3. Here, the recovery was defined as the ratio between the
quantified concentration for a given element and its reference
concentration reported in the GeoReM database [46]. We found
recoveries in the range from 0.9 to 1.1 for most of the elements



Fig. 5. Recoveriesdetermined for theselectedelements inUSGSMACS-3. Theexperiment
has been carried outwith the open-cell LA setup coupled to the jet-interface equipped SF-
ICPMS. LAwasperformed for at least 30 swith a 160 mmdiameter circular laser spot,10 Hz
ablation frequency and 10 mms�1 scan speed. The error bars represent the standard de-
viation calculated from four replicate measurements. The grey bars indicate the range of
concentrations reported on the GeoReM database [46]. The dashed red lines show the
±15% interval of theGeoReMpreferreddata. (For interpretation of the references to colour
in this figure legend, the reader is referred to theWeb version of this article.)

Fig. 6. (A) A photograph of an 8 cm segment of the stalagmite sample MC 4e2. The red dot
regions with elevated LREE contents. (B) Al and REE concentration profiles obtained by scann
scanning ablation paralleling the first one. The black horizontal bars denote locations whe
nounced anomalies at distances of 2700e2900 mm and 4500e5000 mm. These intervals co
pretation of the references to colour in this figure legend, the reader is referred to the Web
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studied. Apart from Ho, the quantified REE concentrations agreed
with the USGS MACS-3 reference values when the respective un-
certainties were taken into account. Quantitative results of the
analyses of USGS MACS-3, NIST SRM 612 and NIST SRM 614 are
reported in Table S1. Relative deviations from reference concen-
trations were typically smaller than 12%.

In these experiments, we have studied the internal, as well as
the external precision of the open-cell LA-SF-ICPMS approach. In-
ternal precision was defined as the variability of the element con-
centrations over a single measurement. External precision was
defined as the variability of the element concentrations of repeat
measurements.

From LA of USGS MACS-3, we determined internal precisions in
the range from 0.2 to 1.7% (one standard error of the mean, 1 sm).
External precision calculated from data of twenty replicate mea-
surements carried out over the course of half a month was in the
range from 2.6 to 10% (one relative standard deviation, 1 RSD)
(Table S2). As an example, the external uncertainty of the La con-
centrations in USGS MACS-3 was 3.0%, 2e13 times larger than in-
ternal ones (Fig. S3). The higher external uncertainties could be a
result of time-dependent instrumental mass discrimination that
cannot be fully corrected for or potential heterogeneity of the
pressed powder pellet. The high internal precision demonstrated
that this open-cell LA-SF-ICPMS approach is suitable to determine
high-resolution element concentration profiles by evaluating time
traces of signal intensities on a single point basis.
ted line indicates the position of the ablation tracks. The two black arrows point at the
ing along the red dotted line. Al* and La* profiles have been obtained from a second line
re subsamples for U-Th dating were taken from. Al and LREE profiles show two pro-
rrespond to the time periods of 79e82 and 82e86 ka (pink vertical bars). (For inter-
version of this article.)
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3.5. Microanalytical assessment of a stalagmite sample

Fig. 6 shows concentration profiles for selected elements. The
profiles calculated from two individual experiments using the line
scanning approach were in good agreement. Distinct anomalies in
particular for Al and LREE concentrations were observed within
two regions. These intervals were extending from 2700 to 2900 mm
and from 4500 to 5000 mm, corresponding to growth periods of
79.7e82.8 and 82.8 to 86.3 ka. These anomaly regions showed Al
and LREE concentrations that were enhanced by 2e17 times with
respect to their pre- and post-anomaly region baselines. For
example, Al concentrations were found to increase from baseline
levels between 5.3� 103 ng g�1 (1e2400 mm) and 2.5� 103 ng g�1

(5300e7500 mm) to peak values of 1.3� 105 ng g�1. La was present
at baseline concentrations of 17e18 ng g�1 while concentrations of
87 ng g�1 were determined within the anomaly regions. Box plots
of the Al and La concentrations determined within the different
regions of the stalagmite have been calculated (Fig. S4). They
further indicate that differences in Al and La concentrations be-
tween the anomaly and pre-/post-anomaly regions are significant.

In addition to the line scanning LA experiments that produce
spatially resolved concentration profiles, the elemental composi-
tion of one anomaly region (z4800 mm) and the adjacent baseline
regions (z5800 mm and z3800 mm) was also analyzed in single
hole drilling experiments. For La, we determined a baseline con-
centration of 12e13 ng g�1 while a concentration of 295 ng g�1 was
determined within the anomaly layer. The differences observed
between anomaly region concentrations determined using the line
scanning and the single hole drilling approach can be attributed to
the different sampling methods and the finite size of the anomaly
region. While the single hole drilling approach ideally samples a
constant fraction of the anomaly region, the line scanning contin-
uously traverses this region and the aerosol dispersion essentially
dilutes material with higher trace element contents. In general, the
concentrations of major, minor and trace elements determined in
hole drilling experiments are comparable with the ones obtained
from line scanning studies (Table S3).

The post-Archean Australian shale (PAAS) [47] normalized REE
diagram of the anomaly region (z4800 mm) has been calculated
from data recorded following the single hole drilling protocol. It is
characterized by a flat pattern with a positive Eu anomaly. This
pattern shows a similar trend as the volcano Toba caldera [48] and
andesite rock [13] (Fig. 7). Elevations in Al and LREE concentrations
Fig. 7. Comparison of shale-normalized [47] REE patterns of stalagmite MC 4e2,
andesite rock and Toba volcano caldera. The normalized REE pattern of the stalagmite
MC 4-2 has been calculated from data acquired in a hole drilling experiment. This
measurement was carried out within the anomaly region (z4800 mm in Fig. 6).
suggest an excess of siliceous rocks and ashes. Volcanic eruptions
might be the main contributors to these anomalies.

4. Conclusions

An open-cell LA setup with a gas exchange device (GED) was
coupled to a high sensitivity jet-interface equipped SF-ICPMS. This
instrumental approach was characterized with standard reference
materials and its suitability for the acquisition of high-resolution
trace and ultra-trace element concentration profiles in stalag-
mites that exceed the dimensions of a conventional ablation cell
has been demonstrated.

The use of the jet-interface and addition of small amounts of N2
gas to the carrier gas achieved a sensitivity enhancement by a factor
of 20e40 when compared to the standard interface configuration.
From LA with a 160 mm diameter circular laser spot, 10 Hz ablation
frequency and 10 mms�1 scan speed, we could obtain LODs in the
sub-ng g�1 range for REEs. Little differences in mass load effects
were observed for Ca and REEs. The standard sample standard
bracketing strategy yielded a satisfactory accuracy for trace and
ultra-trace element determinations in carbonate and silicate
reference materials. Relative deviations from reference concentra-
tions were typically smaller than 12%.

Application of this open-cell LA-SF-ICPMS approach to a sta-
lagmite sample collected from East Timor revealed two abrupt el-
evations in LREE concentrations within a scanning distance of
8mm. These anomaly regions extended over a distance of
z200 mm and showed LREE abundances elevated by at least one
order of magnitude with respect to their baseline concentrations.
Comparison of the line scanning and the single hole drilling
approach indicated that element concentration profiles can readily
be obtained in speleothem carbonates. A notable limitation of the
scanning approach with the open-cell LA setup was the occurrence
of signal spikes, whichmost likely arose from remobilized particles.
Nevertheless, this work highlights the potential and the applica-
bility of our high-sensitivity open-cell LA-ICPMS methodology for
paleo-climatic and paleo-environmental studies.
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