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Abstract

We propose a new “multicollector technique” for the thermal ionization mass spectrometer (TIMS) measurement of calcium
(Ca) isotope ratios improving average internal statistical uncertainty of the44Ca/40Ca measurements by a factor of 2–4 and
average sample throughput relative to the commonly used “peak jumping method” by a factor of 3. Isobaric interferences with
potassium (40K+) and titanium (48Ti+) or positively charged molecules like24Mg19F+, 25Mg19F+, 24Mg16O+ and27Al16O+
can either be corrected or are negligible. Similar, peak shape defects introduced by the large dispersion of the whole Ca isotope
mass range from 40–48 atomic mass units (amu) do not influence Ca-isotope ratios. We use a43Ca/48Ca double spike with
an iterative double spike correction algorithm for precise isotope measurements. (Int J Mass Spectrom 220 (2002) 385–397)
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Calcium isotope analysis; TIMS; Multicollector; Double spike correction

1. Introduction

Calcium (Ca) is the fifth most abundant element in
the lithosphere and plays a major role in many ge-
ological and biological processes (e.g.,[1,2]). It has
six naturally occurring stable isotopes with atomic
mass units (amu) and abundances of40Ca (96.941%),
42Ca (0.647%),43Ca (0.135%),44Ca (2.086%),46Ca
(0.004%) and48Ca (0.187%). A good overview about
previous investigations of possible isotope variations
is given by Platzner[3]. Natural variations of the
Ca-isotope ratios may be introduced by the beta-decay
of the potassium isotope40K (half-life: 1.277× 109
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years) increasing the relative abundance of40Ca. The
amount of this increase can be used to date igneous and
metamorphic rocks[4–8]. Furthermore, Ca-isotope
variations can be introduced by kinetic fractionation
due to diffusion and chemical exchange reactions.
Nägler et al.[9] and Zhu and Macdougall[10] found
a temperature dependence of the Ca-isotope fractiona-
tion during calcium carbonate (CaCO3) precipitation.
These authors observed that with increasing temper-
atures the heavier isotope (44Ca) becomes enriched
relative to40Ca [9]. However, this temperature con-
trolled fractionation of Ca is different to the behavior
of other stable isotope systems like oxygen (δ18O),
carbon (δ13O) and boron (δ11O) [11] where the light
isotopes become enriched relative to the heavier ones
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with increasing temperature. Most likely, the different
behavior of Ca during temperature dependent frac-
tionation is related to the fact that Ca is controlled
by kinetic fractionation rather than by equilibrium
fractionation [12]. This observation confirms mea-
surements by Stahl and Wendt[13] who experimen-
tally showed that the Ca-isotope variations during
Rayleigh fractionation must be lower than about
1.5‰/amu. Heumann and Luecke[4] and later O’Neil
[14] stated that major Ca-isotope fractionation only
occurs when materials with ion exchange capacity are
involved and that fractionations are proportional to
the mass-difference, that is,δ48Ca is about two times
larger thanδ44Ca. As a consequence large isotope
fractionation effects in an order of up to 22‰ can
be observed during ion exchange processes[15–18].
Corless[19] suggested that variations of Ca-isotope
ratios in the order up about 10‰ (48Ca/total Ca)
can also be caused by kinetic isotope fractionation
introduced by biological mediated processes.

It was Russell et al.[20–22] who first used a
42Ca/48Ca double spike for more accurate measure-
ments of the calcium isotopic composition. They nor-
malized the measured44Ca/40Ca to a calcium fluorite
(CaF2) standard supposed to represent average bulk
earth composition(δ44Ca = [(44Ca/40Ca)sample/

(44Ca/40Ca)standard−1]×1000). Generally, using the
“peak jumping method” masses 40, 41, 42, 43, 44 and
48 were measured in sequence on a single Faraday
cup. Disadvantage of this time consuming method is
the small sample throughput in combination with a
reduced internal statistical precision[23]. Other mass
spectrometers (diodelaser resonance ionization mass
spectrometry[24] and multicollector ICPMS[25])
have also been tested for Ca isotope analysis. The
main problem of the ICPMS measurements are iso-
baric interferences with the argon isotope40Ar+ on
mass 40 or12C16O2

+ on mass 44. Recent progress in
the measurement of Ca isotopes using ICP-MS has re-
cently been demonstrated[26–28] by using collision
or reaction cells to remove interferering40Ar+.

Here we present a new technique using a mul-
ticollector thermal ionization mass spectrometer
(TIMS; Finnigan MAT 262 RPQ+) in combination

with a modified double spike technique improving
the statistical uncertainties (internal reproducibility)
of Ca isotope measurements and the average sam-
ple throughput. Multicollector techniques have been
used previously for Ca isotope analysis[29,30] but
only for measuring masses 40–42 (first sequence)
and 42–44 (second sequence) without using a double
spike.

2. Experimental methods and mass spectrometry

2.1. 43Ca/48Ca-spike solution

During the mass spectrometric measurement and
chemical purification (ion exchange column chem-
istry and cleaning procedures) of a sample the cal-
cium isotopes fractionate to a large extent[31–34]. In
order to measure the original Ca isotope composition
before any fractionation introduced by the measure-
ments we apply the Ca double spike technique. This
technique was originally introduced for Ca isotope
measurements by Russell et al.[21] who used a Ca
double spike enriched in42Ca and48Ca. In contrast
we use a spike enriched in43Ca and48Ca being those
isotopes with the lowest natural abundance beside
46Ca. A basic request is that the isotope composi-
tion of the spike has to be well known and that the
spike material is depleted in40Ca and44Ca being the
isotopes of interest (Table 1).

Table 1
Ca spike concentration and isotope composition

Isotope Concentration (ng/g)

40Ca 8.86
42Ca 0.46
43Ca 47.20
44Ca 2.91
48Ca 60.0

Isotope ratio Value

40Ca/48Ca 0.147729
42Ca/48Ca 0.007668
43Ca/48Ca 0.786624
44Ca/48Ca 0.048534
44Ca/40Ca 0.328537
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The 43Ca/48Ca double spike is added to the sam-
ple prior to chemical purification. In the mixture
(spike+ sample) most of the43Ca and48Ca comes
from the spike whereas most of the40Ca and44Ca is
from the sample. From the measured40Ca/48Ca and
44Ca/48Ca and the knowledge of the43Ca/48Ca ratio
of the spike, we can correct for all not naturally intro-
duced fractionations of the Ca isotopes during chemi-
cal purification and mass-spectrometer measurement.
Measured44Ca/40Ca ratio have to be corrected for
44Ca and40Ca introduced by the addition of the Ca
spike solution. We adjusted the sample to spike ratio
in a way that about 90% of48Ca and43Ca originated
from the spike. We found that this sample to spike ratio
guaranteed most reliable Ca isotope measurements.

2.2. Sample preparation and sample loading

In order to perform the measurements we use three
different Ca standards: (1) calcium carbonate pow-
ders (NIST SRM915a, Johnson Matthey lot no. 4064
and lot no. 9912, also used by[21]); (2) an interna-
tional seawater salinity standard (IAPSO); and (3)
CaF2 for the comparison with previous studies and
for normalization procedures.

We mixed a Ca standard solution (1) with a con-
centration of about 500 ngCa/�L from 250 mg of the
NIST SRM915a standard which was dissolved in 4 mL
of ultrapure 2N HNO3 and then further diluted with
196 mL ultrapure H2O. The Johnson Matthey calcium
carbonate standards have been dissolved in ultrapure
HCl resulting in concentrations of about 220 ngCa/�L.

Furthermore, a seawater standard solution (2) was
mixed from a 100�L batch of the IAPSO seawa-
ter standard and about 12.66 mL of the43Ca/48Ca
double spike solution. This mixture was evaporated
to dryness and then redissolved in 1 mL of ultrapure
2.5N HCl. Then 500�L of this solution were loaded
onto ion exchange columns (length: 215 mm, diame-
ter: 2 mm; cation exchange resin: BioRad AGW 50×
8; 200–400 mesh) in order to extract the Ca-fraction.
After rinsing the columns with 14 mL 2.5N HCl the
Ca-fraction was collected, evaporated and then redis-
solved in 50�L 2.5N HCl.

A CaF2 (3) standard was prepared from a piece
of natural fluorite dissolved in 6N HCl and diluted
with ultrapure H2O to a concentration of about
100 ngCa/�L.

For the purpose of mass spectrometric Ca isotope
measurements we added 30�L of the double spike
solution to 100 ng of Ca of the sample resulting in a
spike to sample ratio of about 1:28. The mixture of
spike and sample is evaporated to dryness and then
redissolved in 1–2�L of ultrapure 2.5N HCl in order
to guarantee complete chemical equilibrium.

For the TIMS measurements zone refined rhe-
nium ribbon single filaments are used in combi-
nation with a Ta2O5-activator and the so called
“sandwich-technique” following a method previously
published by Birck[35]. About 0.5�L Ta2O5 ac-
tivator solution is first added on the filament and
heated to near dryness at a current of about 0.7 A.
Then 1–2�L sample solution with concentrations
of 200–400 ngCa/�L were added on top of the ac-
tivator solution and again heated close to dryness
at 0.7 A. Another 0.5�L of the activator were then
loaded onto the filament and heated at 0.7 A to dry-
ness. Finally, the filament was heated to 1.5 A and
left there for about 20 s. Finally, the electrical cur-
rent was increased until a weak red glow is visible
followed by an immediate shut down of the elec-
trical current. The activator solution stabilizes the
signal intensity resulting in a precise measurement
of the Ca isotopic composition of the sample/spike
mixture.

2.3. TIMS multicollector measurement procedure

All Ca isotope measurements were carried out
at the GEOMAR mass spectrometer facilities in
Kiel, Germany and at the “Göttinger Zentrum für
Geowissenschaften” (Göttingen, Germany). Both
institutes are equipped with a Finnigan MAT 262
RPQ+ mass spectrometer which are operated in
positive ionization mode with a 10 kV acceleration
voltage and a 1011� resistor for the Faraday cups.
The instruments are equipped with nine Faraday cups
(2–10) as detection system but cannot account for the
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Fig. 1. The cup configuration for Ca isotope measurement on a Finnigan MAT 262 RPQ+ mass spectrometer. In a first sequence40Ca+,
41K+, 42Ca+ and 43Ca+ are measured. In a second sequence44Ca+ and 48Ca+ are measured. Cup 6 is a fixed cup. Cup 10 is attached
to cup 9 and cup 2 is attached to cup 3.

dispersion of the whole Ca isotope mass range from
40 to 48 amu, respectively.

The Faraday cups are moveable and are arranged in
a way to allow the simultaneous measurement of all Ca
isotopes in two sequences. During the first sequence
(1), the masses of 40, 41, 42 and 43 are measured
simultaneously and during the second sequence (2),
the masses 44 and 48 are measured separately (Fig. 1,
Table 2). Note that with this arrangement of the cups it
is also possible to measure the low intensity of46Ca+

in the second sequence using the ion counting system.
Mass 41 is measured in order to monitor interfering
40K+ (40K/41K = 1.7384× 10−3).

To start the measurement, the filament is heated au-
tomatically to 2800 mA (corresponding to a tempera-
ture of about 1450◦C) at a rate of 200–240 mA/min.
While heating up a cup gain calibration was carried

Table 2
Cup positions for Ca isotope multicollector measurements

Cup number Distance from the center cup (mm) Mass

GEOMAR, Kiel GZG, Göttingen First sequence Second sequence

2 +28.36 +30.15 – 48
3 +25.15 +26.94 – –
4 +19.07 +19.41 43 –
5 +3.15 +3.58 42 –
6 0 0 – –
7 −10.42 −9.46 – –
8 −12.23 −12.83 41 –
9 −25.33 −25.42 – –

10 −27.17 −28.29 40 44

Note: differences in cup positions between the two spectrometers are due to slightly different effective acceleration voltages. At both mass
spectrometers cup 10 is attached to cup 9 and cup 2 is attached to cup 3 due to specific requirements. The distances between cups 9 and
10 and cups 2 and 3 are different for both machines. The largest possible distance for the outer cups 10 and 2 is about 30 mm relative to
the fix center cup.

out. After this first heating the signal was focussed and
peak centering was performed. Then the filament was
heated manually up to about 3100 mA (corresponding
to about 1500–1580◦C). When the intensity of the ion
beam reached 3–5×10−11 A on mass 40, data acquisi-
tion was started (temperatures at this point usually are
1500 to about 1600◦C). Before each block the baseline
was recorded with closed beam valve (16 s integration
time). Data acquisition summarizes 11 scans to one
block. A minimum of six blocks corresponding to 66
scans was measured. Data acquisition was normally
stopped when the 2σ -standard deviation (2σmean) of
the 44Ca/48Ca and40Ca/48Ca ratios was lower than
0.15‰.

A set of experiments were performed to find the
ideal integration and idle times. The integration and
idle times have been varied between 1 and 8 s. The
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Fig. 2. Set of measurements with different integration times and different integration to idle time ratios. The measurements with a 2 s
integration time and 1 s idle time (integration to idle time ratio= 2) show the highest44Ca/40Ca ratios. However, increasing the idle time
to 4 s results in lower44Ca/40Ca ratios independent from the ratio of the integration time to idle time.

experiments using 2 s integration and 1 s idle time
show the highest44Ca/40Ca ratios while longer in-
tegration and idle times result in lower44Ca/40Ca
ratios (Fig. 2). Presumably, if the idle time is short
(1 s), the40Ca signal is not completely disintegrated
before recording the44Ca signal. In order to guarantee
complete disintegration of the40Ca signal on the Fara-
day cup we chose 4 s of integration and idle time for
both sequences under measuring conditions.Table 3
shows a summary of the experimental conditions for
Ca isotope analysis using TIMS.

2.4. Isobaric interferences and cluster-ions

The most obvious interference on the Ca isotope
system arises from40K+ because in all isotope mea-
surements carried out K was present to various ex-
tend. The isobaric interference of40K+ interfering
with 40Ca+ can be corrected by monitoring mass 41
(40K/41K = 1.7384× 10−3). In general, the intensity
on mass 41 is less than 10−14 A when measurement
started. Thus, an interference correction is negligible
because only signals in the order of 10−11 A on mass
40 would request a correction.

Further possible isobaric interference arise from
magnesium fluoride (MgF+). These molecular ions
would interfere on masses 43 (24Mg19F+) and 44
(25Mg19F+). By monitoring (26Mg19F+) at mass 45

Table 3
Experimental conditions used for Ca isotope analysis by TIMS

Property Setting

Accelerating voltage 10 kV
Amplifier resistor 1011 �

Source vacuum 4–8× 10−8 mbar
Analyzer vacuum 5−9 × 10−9 mbar
Reference cup 10
Cup gain calibration Before each sample

Baseline Each block
Delay time: 10 s
Integration time: 16 s
Closed valve

Peak centering Every third block

Data collection Blocks per run:≥6
Scans per block: 11
Integration time: 4 s
(both sequences)
Idle time: 4 s (both sequences)

Analyzing temperature 1500–1580◦C
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detailed studies indicated no significant isobaric con-
tributions on43Ca+ and44Ca+, respectively. Another
group of isobaric interferences may arise from Mg-
and Al-oxides interfering on mass 40 (24Mg16O+)
and 43 (27Al16O+). These interferences cannot be
monitored. However, Mg/Ca and Al/Ca ratios are
generally low in our samples, therefore we consider
possible interferences to be negligible. Interferences
from 48Ti+ and double charged84Sr2+, 86Sr2+ and
88Sr2+ (masses 42, 43 and 44) were not observed.

Whereas no MgF+ has been observed some other
fluorides like CaF+ (masses 59–67), SrF+ (masses
103–107) and BaF+ (masses 152–157) have been

Fig. 3. (a) The peak shapes of cup 6 and of the two outermost cups 2 and 10. It can be seen that the peak shapes of the two outermost
cups are asymmetric relative to cup 6. (b) Detailed comparison of expected vs. measured peak shape for cup 10. A peak shape defect can
be seen resulting in an asymmetry at the high energy side.

detected. The highest signals of CaF+ have been
observed at temperatures of about 1500◦C with an in-
tensity on mass 59 (40Ca19F+) of about 80×10−14 A.
Measurements showed that the CaF+ molecules
(masses 61, 62, 63 and 67) decrease in several minutes
to background levels which inhibited a quantitative
determination of their Ca isotopic composition.

2.5. Peak shape defects

Fletcher et al.[29] reported peak shape defects us-
ing a wide-dispersion multicollector mass spectrome-
ter. They showed that the peak shapes from the outer
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cups are asymmetric limiting the range of measurable
mass dispersion. We also found these peak-shape de-
fects for the outer cups (Fig. 3) but the asymmetry is
less pronounced than reported by Fletcher et al.[29].
By narrowing the aperture slits the asymmetry of the
peak shapes can be reduced. However, measurements
with and without the aperture slits do not show any
significant influence on the Ca-isotope ratios. There-
fore, we conclude that the small peak shape defects
observed are negligible.

3. Double spike correction

3.1. Ca double spike data reduction algorithm

The results of the measurements have to be cor-
rected for the added43Ca/48Ca double spike. We use
an iterative routine based on an algorithm presented by
Compston and Oversby[36] and originally designed
for lead isotope analysis. In this algorithm the linear
fractionation terms have been replaced by terms which
allow a correction following the exponential law. The
use of the exponential law was proposed by Russell
et al.[21] and later by Hart and Zindler[37] to be more
suitable for fractionation correction of the Ca isotope
system (Fig. 5, Eqs. (2) and (8)). The basic ideas are
visualized inFig. 4 where it is schematically illus-
trated that the measured Ca-isotope ratios of the sam-
ple/spike mixture(40Ca/48Ca)meas, (43Ca/48Ca)meas,
(44Ca/48Ca)measdo not plot on the ideal mixing line
due to the mixing of spike and sample solution having
different Ca isotope composition and due to isotope
fractionation during mass spectrometer measurement.

This problem can be solved by an iterative method
as it is visualized in the flow chart ofFig. 5. Iterative
solutions to the “exponential double spike” problem
have also been presented in[9,38,39]based on the rou-
tines of Compston and Oversby[36] or other routines
(e.g.,[40–42]).

The algorithm presented inFig. 5 starts with a first
approximation of the spike to sample ratioQ (Q =
48Casample/

48Caspike). Q can be calculated based
on the measured(40Ca/48Ca)meas ratio (Q48(40) in

Fig. 4. Schematic three-dimensional illustration of the Ca isotope
composition of the spike, sample and the spike/sample mixture.
Dotted lines represent fractionation curves. The values of the “mix”
point has to be calculated from the “measured” point by an iterative
approach. For calculation the well known Ca-isotope ratios of the
“spike” are used and for the “sample” ratios as start parameters
the previously published values of Russell et al.[21] are adopted.

Eq. (11)) and from the(44Ca/48Ca)measratio (Q48(44)

in Eq. (12)). Note that the(40Ca/48Ca)sample and
(44Ca/48Ca)sample values in Eqs. (11) and (12) for
this first cycle of the algorithm correspond to either
the (40Ca/48Ca) and (44Ca/48Ca) of a Ca standard
or to the measured(40Ca/48Ca) and (44Ca/48Ca) of
the unspiked sample. Of course, calculatedQ48(40)

and Q48(44) are different but serve as base for the
first approximation (Eq. (1)) of the43Ca/48Ca ratio
(43Ca/48Ca)calc. Q48 is the arithmetic mean ofQ48(44)

andQ48(40) (Eq. (13)). Then, a first approximation of
the fractionation factorβ can be estimated (Eq. (2))
from the calculated(43Ca/48Ca)calc and the mea-
sured(43Ca/48Ca)meas ratios. From Eqs. (3) and (4)
fractionation factorβ allows to calculate improved
values of (40Ca/48Ca)calc, (44Ca/48Ca)calc from
(40Ca/48Ca)meas and (44Ca/48Ca)meas. In Eq. (5) a
first approximation(44Ca/40Ca)calc and from Eq. (7) a
first estimate of the anticipated(44Ca/40Ca)sample-new

can be calculated. Comparison of(44Ca/40Ca)sample

and(44Ca/40Ca)sample-new in Eq. (8) allows the calcu-
lation of a fractionation factor (fu) and a new estimate
of the (44Ca/48Ca)sample-new ratio (Eq. (9)) and the



392 A. Heuser et al. / International Journal of Mass Spectrometry 220 (2002) 385–397

Fig. 5. Flow chart of the numerical algorithm applied to determine the original(44Ca/40Ca)sample ratio from the (40Ca/48Ca)meas and
(44Ca/48Ca)meas ratios. Meas: measured Ca-isotope ratios of the spike/sample mixture; spike: Ca-isotope ratios of the pure spike; sample:
Ca-isotope ratios of the pure sample or a standard material; calc: calculated Ca-isotope ratios after first fractionation correction; sample-new:
Ca-isotope ratios after a second fractionation correction being the “sample” values for the next cycle.
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(40Ca/48Ca)sample-new ratio (Eq. (10)). With the latter
values algorithm will start again at Eqs. (11) and (12).
The iterations converge rapidly already after about
4–5 cycles the difference betweenQ48(40) andQ48(44)

becomes lower than about 10−6 and iteration can be
terminated.

3.2. Start values for the iterative Ca double spike
correction

As described inSection 3.1 the values of the
(40Ca/48Ca)sample, (43Ca/48Ca)sampleand (44Ca/
48Ca)sample in our double spike correction algo-
rithm can either be the40Ca/48Ca, 43Ca/48Ca and
44Ca/48Ca ratios of a standard or of the unspiked
(pure) sample. A set of experiments was performed
in order to find an optimal “standard” isotopic com-
position as starting values for the(40Ca/48Ca)sample,
(43Ca/48Ca)sampleand(44Ca/48Ca)samplefor carbon-
ate samples.

Two different batches of the NIST carbonate stan-
dard have been prepared, one with a spike to sample
ratio about 30% larger (overspiked) than usual and a
second batch with a spike to standard ratio about 30%
less (underspiked) than usual. All44Ca/40Ca results
were calculated using the40Ca/48Ca,43Ca/48Ca and
44Ca/48Ca isotope ratios published by Russell et al.

Fig. 6. Calculation of44Ca/40Ca with different starting values for the(40Ca/48Ca)sample, (43Ca/48Ca)sample, and(44Ca/48Ca)sample in our
Ca double spike correction algorithm. Squares represent IUPAC values[44] and diamonds represent the Ca-isotope ratios presented by
Russell et al.[21]. In general, theδ44Ca values based on the IUPAC Ca-isotope ratios tend to be lower than those of the Russell values
and show deviations associated with the sample to spike ratio.

[21] (“Russell values”) or using the Ca isotope com-
position published by Moore and Machlan[43] and
defined by the IUPAC (“IUPAC values”) as the natural
Calcium isotope composition[44] (Fig. 6).

The δ44Ca values for the underspiked (b), the nor-
mal spiked (90% of the43Ca and48Ca originated
from the spike) (a) and the overspiked (c) measure-
ments are in the same range using the “Russell values”
(δ44Ca∼ −1.3‰). Using the “IUPAC values” for the
normal spiked standard a shift (�δ) of about 0.43‰
towards lighter values is observed. This shift is smaller
for the underspiked standard measurements (�δ =
0.32‰) but larger for the overspiked standard mea-
surements (�δ = 0.64‰). Therefore, we suggest to
use the Ca-isotope ratios previously published[21] as
standard isotopic composition being the start values in
our Ca double spike correction algorithm.

4. Results and discussion

4.1. Peak jumping vs. multicollector isotope
measurements

In Fig. 7we compare44Ca/40Ca isotope ratio mea-
surement performed by the common “peak jumping
method” with the new “multicollector technique”.
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Fig. 7. Comparison of44Ca/40Ca NIST SRM915a measurements performed with the “peak jumping method” (a) and the “multicollector
technique” (b). Dotted lines represent 2σ standard deviations of the mean (2σmean).

During peak jumping masses 40, 42, 43, 44 and 48
have been measured on a fixed Faraday cup (cup 6)
with 4 s integration and 4 s idle times. The baseline
was recorded at the end of each block with closed
beam valve. Similar to the multicollector method
11 scans have been recorded as a block.Fig. 7
shows the44Ca/40Ca ratio for (a) the “multicollector
measurements” and (b) the “peak jumping” measure-
ments of the NIST SRM915a.

We found that the internal reproducibility for
the 40Ca/48Ca and44Ca/48Ca ratios of a multicup
measurement is generally better than about 0.15‰,

whereas for the single cup measurements statistical
uncertainties vary to larger extend from 0.090 to
0.304‰. Most likely, the latter observation reflects the
enhanced sensitivity of the “peak jumping” method
to fluctuations of the beam intensity. Using the “peak
jumping method” about three to four samples can be
measured during 1 day. However, applying the “mul-
ticollector technique” the sample throughput per day
is at least three times higher.

The results for the44Ca/40Ca ratio determined by
the single cup measurements range from 0.021226
to 0.021235 and the values of the multicup
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measurements are in a range from 0.021224 to
0.021235. Within the statistical uncertainty the mean
value of the single cup measurements(44Ca/40Ca =
0.0212306(18), δ44CaCaF2 = −1.35‰), is in ac-
cord with the mean value of the multicup measure-
ments (44Ca/40Ca = 0.0212290(07), δ44CaCaF2 =
−1.43‰). Note that the mean value calculated from
the multicup measurements are more precise because
of the larger number of available measurements.
The average deviation of one single measurement

Fig. 8.δ44Ca values of (a) CaF2 and (b) NIST SRM915a measurements. Note allδ44Ca values are normalized to the long-term measurements
of the 44Ca/40Ca ratio of the CaF2 standard. Solid lines represent meanδ44Ca ratios and dashed lines represent the 1σ standard deviation.

from the mean value standard deviation (variance:
1σ = 3×10−6) is similar for both techniques. As our
43Ca/48Ca double spike is not calibrated for the de-
termination of the absolute44Ca/40Ca ratio the above
values do not represent the true isotopic composition
of the NIST SRM915a calcium carbonate standard.

In order to further verify our new multicollector
technique we also measured the two Johnson Matthey
CaCO3 standards. Using our new technique we were
able to confirm earlier results by Russell et al.[21]
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that there is a difference of 12‰ between these two
standards.

4.2. Reproducibility of δ44Ca

We also used our new multicollector technique for
repeated measurements of the CaF2 standard and the
NIST SRM915a carbonate standard.Fig. 8ashows the
results of about 120 measurements of CaF2 andFig 8b
of nearly 90 measurements of the NIST standard. The
long-term mean of all44Ca/40Ca measurements of
the CaF2-standard is used for normalization of the
δ44Ca values. The averageδ44Ca value of the CaF2
measurements is (0.00± 0.05)‰ and theδ44Ca value
of the NIST standard is (−1.45± 0.05)‰. The given
statistical uncertainty represent 2σ deviation of the
mean (2σmean).

The δ44Ca values of the CaF2 have a 1σ standard
deviation of 0.25‰. However, the values vary within a
relatively wide range between−0.7 and+0.8‰. The
1σ standard deviation of the last 30 measurements
is 0.35‰ while it is 0.18‰ for the first 90 measure-
ments. The reasons for this pejoration of the external
reproducibility remains unclear. Contamination of ei-
ther the standard solution, the double spike solution
or the Ta2O5 activator solution should lead to a no-
ticeable shift in theδ44Ca values in one direction and
not to the observed pejoration of the reproducibility.

The range of theδ44Ca values of the NIST
SRM915a measurements vary between−2.0 and
−0.8‰. However, the 1σ standard deviation of all
measurements is 0.22‰. Opposite to the CaF2 mea-
surements the range of theδ44Ca values is not chang-
ing significantly during the measurement period. The
reason for this is that we did not measure NIST in the
time interval we observed the increase in 1σ standard
deviation of the CaF2 measurements.
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