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14 10 Abstract
15
i? 11 We used a Monte Carlo error model to optimize a **Ca—*Ca double-spike technique for measuring Ca
B ios (3**°Ca and §*"*Ca) by Multi-Collector Thermal Ionization Mass S MC
19 isotope ratios ( aan a) by Multi-Collector Thermal Ionization Mass Spectrometry (MC-
20
21 13 TIMS). The model considers errors for counting statistics and Johnson noise, as well as changes in
22
23 14 collector cup efficiency (drift). For a 20V *’Ca ion-beam implemented in a three-hop, dynamic multi-
24
25 15 collection routine, the model predicts that a wide range of “®Ca/*Ca and spike/sample ratios should yield
26

27 16  internal precisions (20sgy) of 0.015 — 0.020%o for §**°Ca and 0.025 — 0.030%o for 8****Ca. Using a
29 17 Thermo Fisher MC-TIMS (Triton), we tested *Ca/*Ca= 1.5 [*Ca/(**Ca+*Ca)= 0.40 mol/mol] and
32 18  spike/sample= 0.66 [Cagsp /(CagspTCasmp)= 0.40 mol/mol] by repeatedly analyzing OSIL Atlantic

34 19 seawater, NIST SRM 915a, NIST SRM 915b, USGS BHVO-1, and CaF, over 4 sessions spanning 1

36 20  month. While the measured internal precision generally agreed with model predictions, external
37

38 21 reproducibility (2osp) was much worse than expected. For the 81 measurements made, the average
39

40 22 external reproducibility was 0.223%. for 3**%Ca and 0.126%o for 5***Ca. After processing raw data

23 through the double-spike equations, nearly all fractionation-corrected ratios showed remnant fractionation
45 24 patterns. Such patterns reflect deviation from ideal exponential mass-fractionation due to mixing of

47 25  multiple, independently fractionating reservoirs on the filament. Additional model simulations, as well as
49 26  comparison against 5***°Ca values determined with a *Ca—**Ca double-spike, support the concept of an
o1 27  “average mass rule,” which states that inaccuracies in fractionation-corrected data are greater for isotope
53 28  ratios having an average mass further away from the average mass of the normalizing ratio. Until

29  advancements are made to eliminate filament reservoir effects, *Ca—"Ca and *°*Ca—"*Ca double-spikes

58 30  should yield the most precise 8**’Ca and 8*¥**Ca values, respectively, when using MC-TIMS. Within the
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limits of the **Ca—**Ca double-spike technique, we observed no evidence for **Ca enrichments among the
standards analyzed. Finally, we found that sample matrix effects do not influence the quality of Ca
isotope measurements by MC-TIMS, and we tentatively propose that the external reproducibility
determined from the repeated analysis of standards can represent the uncertainty of a single sample
analysis.

1. Introduction:

Calcium (Ca) isotope measurements are relevant to diverse fields, including geochemistry,
cosmochemistry, biology, medicine, archaeology, and anthropology '*. Many studies employ “double-
spike” techniques to correct for instrumental mass-fractionation when analyzing **Ca/**Ca ratios by multi
collector-thermal ionization mass spectrometry (MC-TIMS). The details and virtues of double-spiking
have been extensively discussed in several publications’'’. The technique involves equilibrating a sample
solution containing the element of interest with another solution containing a well-characterized mixture
of two artificially enriched isotopes of the same element. Both the ratio of the two artificially enriched
isotopes (the “double-spike” ratio) and the ratio of the double-spike to the sample (the “spike/sample”
ratio) must be carefully optimized to minimize propagation of errors and achieve high precision results.
Practically every double-spike combination, such as 48Ca—43Ca, 48Ca—42Ca, 46Ca—43Ca, and 43Ca—42Ca, has
been implemented to measure *’Ca/*Ca ratios by MC-TIMS''""*. However, while different methods
appear reasonably accurate, large differences in external reproducibility exist for reasons that are not
entirely understood but appear to extend beyond simple mathematical optimization of the ratio defined

13-15

9. 10 . . .. . . . . .
above” . Possible explanations for decreased precision include ion optical aberrations ~°, sample matrix

16-18 19, 20

effects'® 'S, filament reservoir mixing'®'®, changes in collector cup efficiency (drift)'**’, and choice of the

double-spike pair relative to the sample isotope ratio of interest’ . These issues plague analysis of many
isotope systems, but they are especially problematic for resolving the small abundance variations inherent

to the Ca isotope system. To increase statistical confidence, it has become common practice to repeatedly

analyze the same sample at the expense of efficiency and throughput. Moreover, in petrology" ** %,

15,25, 26

cosmochemistry**, and some areas of biogeochemistry , it is desirable to determine whether
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1

2

2 57  variation of the **Ca/*Ca ratio reflects natural mass-fractionation, radiogenic ingrowth of *’Ca from the

g 58  decay of *K (1,,=1.277 x 10’ yr), or some combination of the two. This question can be addressed by

; 59 measuring a second isotope ratio, e.g., 42Ca/44Ca, 4OCa/‘QCa, or ¥Ca/*Ca "% 1t is also possible to

io 60  measure **Ca/**Ca ratios with one double-spike pair but implement two sets of “true” ratios in the data

% 61  reduction algorithms: the so-called “normal ratios”'' and unspiked, internally normalized sample ratios*
ig 62 " This latter approach requires two mass spectrometric runs.

i? 63 Building on research by Holmden (2005) and Holmden and Bélanger (2010), Lehn et al. (2013) used
ig 64  aMonte Carlo error model to optimize a *Ca—**Ca double-spike method for measuring *’Ca/*Ca ratios
3(1) 65 by MC-TIMS"'>*°, The model considers errors for counting statistics and Johnson noise, and it accounts
5:2; 66  for collector cup drift. Lehn et al. (2013) verified the model predictions by measuring four commonly

g% 67  analyzed Ca isotope standards (n=171) and demonstrated that *’Ca/*Ca ratios can be quantified with an

27 68 internal precision (26sgym) of £0.024%0 and a long-term, external reproducibility (2osp) of £0.041%o,

ég 69  which represents a two-fold or better improvement over previously utilized methods®. The present study
1 .. .

22 70 reports an effort where we used the Lehn et al. (2013) error model to optimize a **Ca—*Ca double-spike

33

34 71  MC-TIMS technique®. We selected this double-spike combination because it in theory allows

36 72 simultaneous analysis of *°Ca/**Ca and **Ca/**Ca ratios, thus offering potential to resolve mass-dependent
gé 73 fractionation from radiogenic *’Ca enrichments in the context of a single run. (A **Ca-*Ca double-spike
32 74 offers the same potential, but we were unable to obtain a sufficiently pure **Ca spike.) In addition, other
jé 75  theoretical studies have suggested that a “*Ca—*Ca double-spike should yield more precise data than a

jg 76 “Ca—*Ca double-spike®™, but in general, such assertions are challenging to verify because different

js 77  studies employ slightly different models, assumptions, and measurement routines. Thus, in this study, we
48

49 78  took care to reproduce as closely as possible the approach taken in Lehn et al. (2013) so that we could
51 79  normalize variables and rigorously compare the two techniques™.

53 80 2. Methods

81 2.1 Theoretical optimization of the **Ca-*Ca double-spike using a Monte Carlo error model
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We used the Monte Carlo error model presented in Lehn et al. (2013) to optimize a **Ca-*Ca
double-spike method allowing the simultaneous analysis of *°Ca/**Ca and *Ca/*'Ca ratios®. This section
provides a brief overview of the model, and where appropriate, we present equations specific to the **Ca-
#Ca double-spike method. Following Eugster et al. (1969), we derived the following equations for the

determination of “*Ca/*Ca and **Ca/*Ca ratios using a **Ca-*Ca double-spike:

B 48Ca | 43Ca tru ) 48Ca tru ]
(“Caj (“Ca] (44Caj [44Ca ]W “Ca),, \"Ca),, \"Ca),
dsp mix mix

43Ca 43Ca 43Ca 43Ca i 1 44Ca 43Ca tru
) 43CCl mix o Ca smp

Ca
( 43 Ca ]mix 44 Ca tru XX Ca tru
*Ca “ca) \®Ca)
XX CCl 43 Ca . 43 C a . 44 Ca 43Ca tru
= 44 + 44 tru ) 1 | B | a A (2)
smp Ca Ca “ Ca Ca mix Ca smp
BCa . By o | Ca

dsp
where dsp, mix, tru, and smp stand for double-spike, mixture, true, and sample, respectivelyg. In equation

)

dsp

(2), the symbol XX refers to either *°Ca or **Ca. Equations (1) and (2) are solved iteratively, as described
in Lehn et al. (2013).
Double-spike compositions were simulated using abundance data for ISOFLEX *Ca- and **Ca-

enriched CaCOj; powders (www.isoflex.com; Table 1) according to the equation:

43
Ca
43 _
Cagy = BCa+*¥Ca’ )

where the molar abundance of **Ca in the double-spike (43Cads,,) ranges from 0 to 1. To calculate the
composition of the spike-sample mixture, the simulated double-spike was combined with a sample having
normal ratios'' (Table 1) according to the equation:

Ca dsp
CadSlD + CaSmp

where the molar proportion of Ca from the double-spike (p4,) ranges from 0 to 1. It follows from

“

pdsp =

equations (3) and (4) that,
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48Ca B 1_ 43Cadsp (5)
®Ca - PCay,

(dsp/smp) = 11)& , (6)
~ Pdsp

where (**Ca/" Ca)gqp 1s the *Ca/*Ca ratio of the double-spike and dsp/smp is the spike/sample ratio. An
exponential law was used to simulate how mass-dependent fractionation changes the spike-sample

mixture during ionization and measurement:
a a B
Ca Ca M,
Ca) \°ca) M, )" 2
a frac a ufrac b

where frac and ufrac refer to fractionated and unfractionated, M, and M, are the exact atomic masses of

Ca isotopes a and b, and / is the instrumental mass-fractionation factor. Both 43Cadsp and p,, were
stepped in 1% increments. We assumed a constant /4 of 0.5, based on laboratory observations. The model

output is insensitive to the magnitude of .

Because Ca isotopes have very different relative abundances and a wide mass spectrum, it is
advantageous to implement a dynamic, multi-collection routine'*. Consistent with Lehn et al. (2013), we
adopted a three-hop duty cycle®. A hop refers to a change in the magnet field setting, and the three hops
combine to yield one duty cycle. The first hop measures **Ca and **Ca in the L2 and H3 cups,
respectively. The second hop measures **Ca and **Ca in the L4 and H4 cups, respectively. The third hop
measures “*Ca, **Ca, and *'Ca in the L1, center (C), and H1 cups, respectively. For real measurements,
K is collected in L3 during the third hop to monitor the contribution of *’K to the **Ca signal. The model
does not consider isobaric interferences because real data are not collected unless *’K is negligible. The
®Ca/*Ca (or “Ca/*Ca), *Ca/*Ca, and *Ca/*Ca ratios implemented in the data reduction are taken
directly from the first, second, and third hops. Unique integration times were considered for each hop,
namely 4.194, 8.388, 16.772 and 33.542 s, but the sum of integration times for the three hops was limited
to 45 s to avoid significant fractionation differences between the first and last hop during real

measurements. We considered 30, 60, 90, and 120 duty cycles per run.
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The *’Ca ion-beam was set to 20V to be consistent with the approach taken in Lehn et al. (2013).
Normally distributed errors were randomly assigned to the theoretically derived, instrumentally
fractionated ratios™. Errors considered include those from counting statistics and Johnson noise” .
Ratios have variable errors because the errors depend on signal strength. Each pass through the three-hop
duty cycle ultimately generates one “’Ca/*Ca ratio and one **Ca/*Ca ratio. The model reduces
hypothetical data for each duty cycle separately and averages multiple duty cycles to calculate a mean
#Ca/*Ca ratio and a mean **Ca/*Ca ratio for the entire run. The internal precision is determined by
doubling the standard error of the mean ratio (26sgm). The model simulates each permutation 100 times
and averages the data to arrive at the representative mean ratio and 2osgm. On a 100x100 grid of 43CadslO
and pqsp values, the combination of hops, integration times, and number of duty cycles yields >25,000,000
possible permutations for each ratio, “Ca/*Ca and **Ca/**Ca. To limit the rate of collector damage and
associated drift, we only considered methods delivering less than 6.5x10''counts/sample to any

15,20
collector ™

. This number was derived from Holmden and Bélanger (2010), where drift was minimized
for sessions involving 30 or fewer runs. With these constraints, we focused on values for # Cagy, and pgg,

ielding the optimal internal precision for “°Ca/**Ca and *Ca/**Ca ratios, while minimizing analysis time
y g p p g y

and collector damage.

2.1 Ca Isotope Measurements

We verified the optimization by repeatedly measuring common standards, such as OSIL Atlantic
Seawater (ASW), NIST SRM 915a, NIST SRM 915b, and USGS BHVO-1. The standards 915a and 915b
are calcium carbonate powders, and BHVO-1 is a basaltic rock. We also analyzed Saskatchewan Isotope
Lab gravimetric calcium fluoride (CaF,). Measurements were made in the Radiogenic Isotope Clean
Laboratory at Northwestern University using a Thermo Fisher Triton MC-TIMS. The optimal *Ca-*Ca
double-spike was prepared using ISOFLEX **CaCOs and *CaCO; powders (Table 1) and calibrated
against the Saskatchewan Isotope Lab CaF, standard'®. Table 1 provides the measured composition of the

Northwestern University (NU) double-spike.
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Spike-sample equilibration, purifications, filament loading, and the drift correction follow the
protocols provided in Lehn et al. (2013)*. Table 2 summarizes instrumental parameters specific to the
#Ca-*Ca method. In brief, aliquots containing 50 ug of Ca were spiked and refluxed in acid-cleaned
Teflon vials for several hours to ensure complete equilibration. Spiked aliquots of ASW, CaF,, and
BHVO-1 were purified by ion-exchange chromatography, using Teflon columns packed with Bio-Rad
AG MP-50 cation exchange resin and ultrapure HCI eluents. The purified Ca solutions were dried and
treated with 30% H,O; to oxidize any organic compounds that might have leached from the resin. Spiked
aliquots of 915a and 915b were not purified. All solutions were dried and treated with two drops of
ultrapure HNOs, to convert Ca to nitrate form. Single Ta filaments were outgassed under vacuum for 1.5
hours at 4800 mA, which is over 1500 mA higher than running conditions in the TIMS. Approximately
10-16 pg of Ca was loaded onto the outgassed filaments with 0.5 mg of 10% H;PO, (Sigma-Aldrich
TraceSELECT® Ultra H;POy) and dried. The Ca was loaded between parafilm “dams” to prevent
spreading on the surface of the filament. We also measured the *Ca/*Ca ratio of BHVO-1 using the Lehn
et al. (2013) **Ca-*Ca double-spike method®’. Unlike the **Ca-**Ca double-spike method, the third hop of
the *Ca-**Ca double-spike method requires zoom optics. For all measurements, peak shapes were
examined to confirm the absence of potential backscatter and reflections. All runs were checked for
isobaric interferences from K, and occasionally, Ti and doubly-charged Sr'°. No interferences were
observed. We quantified our total procedural blank several times (n = 6) using isotope-dilution. The 500:1
sample-to-blank ratio is negligible. All ratios and their uncertainties are reported in delta notation, given

in per mil, relative to OSIL Atlantic seawater (sw):

( 44Ca)

XX

Ca sample
44Ca
[chaj

8™ Ca,, (in %o)= —11-1000, (8)

where XX refers to either “°Ca or *Ca.

3. Results
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Similar to optimization of the **Ca-**Ca double-spike, the Monte Carlo simulations for the **Ca-
#Ca double-spike yielded a wide range of non-unique solutions™’. To minimize analysis time and
collector damage at a marginal expense to precision, we chose a method having 90 duty cycles with
integration times of 4.194, 8.388, and 16.776 s for the first, second, and third hops, respectively. This
method requires 2.5 hours/sample, including filament warm-up. Figures 1a and 1b show contour maps of
the predicted internal precisions for 8*¥*°Ca and §***Ca. Statistically identical internal precisions are
possible for a wide range of double-spike and spike/sample ratios. Internal precision is more sensitive to
Pasp than Cayy,. We ultimately selected *Cagg,= 0.40 and pa,—= 0.40, as these values offer the best
precision for both ****Ca and §***Ca during a single mass spectrometric run. For §***°Ca, the predicted
internal precision (26sgm) is £0.015 — 0.020%o, and for §****Ca, the predicted internal precision is 0.025 —
0.030%o.

Table 3 and Figure 2 summarize the standard measurements. For the 81 measurements made with
the **Ca-*Ca double-spike, the internal precision was more variable and on average, slightly higher than

the model predictions. For §**

Ca, the measured internal precision ranged from 0.013 to 0.081%eo, with an
average of 0.025%o. For 5***Ca, the measured internal precision ranged from 0.020 to 0.093%o, with an
average of 0.034%o. The external reproducibility (20sp) for 8***°Caranged from 0.201 to 0.253%o, with an
average of 0.223%o, which is ~11 times higher than the average internal precision. The external
reproducibility for 3**Ca ranged from 0.091 to 0.153%o, with an average of 0.126%o, which is ~4 times
higher than internal precision. By comparison, the 6 measurements of BHVO-1 made with the *Ca-*Ca
double-spike yielded results consistent with findings reported in Lehn et al. (2013). The external
reproducibility was 0.033%o, which is only ~1.5 times higher than the average internal precision of
0.023%o.

4. Discussion

4.1 Filament Reservoir Mixing

Poor external reproducibility for the **Ca-*Ca method points to an additional source of error

beyond counting statistics and Johnson noise. When examining uncorrected and fractionation-corrected
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199  ratios within a given run, remnant fractionation patterns were observed for nearly all analyses. Some
200  trends in the corrected ratios were linear, while others were curved or had multiple inflections. Figure 3

201 shows examples for one “good” run and two “bad” runs. For the good run, the uncorrected ratios show a

©CoO~NOUTA,WNPE

10 202 linear fractionation trend that is eliminated after the fractionation correction and spike un-mixing. The bad
12 203  runs show irregular fractionation trends that persist after the fractionation correction and spike un-mixing.
14 204  Such patterns were not observed, or were minor, during development of the Lehn et al. (2013) method,

16 205  and nor did we observe any remnant fractionation patterns during application of the **Ca-**Ca double-

19 206 spike in the present study. Because the *Ca-*Ca and *Ca-**Ca double-spike methods employed the same
21 207  chemical separation, filament loading, filament heating, and drift correction protocols, we can eliminate
23 208 these steps as possible sources of error. The patterns are consistent with deviation from ideal exponential
25 209  mass-fractionation, caused by mixing of multiple, independently fractionating reservoirs on the filament'”
27 210  '"3° Both double-spike methods experience this problem, but the effects are more evident and

29 211  detrimental for the *Ca-*Ca method according to the “average mass rule,” which states that inaccuracies
3o 212 in fractionation-corrected data are greater for isotope ratios having an average mass further away from the
34 213 average mass of the normalizing ratio”" ',

36 214 To examine this idea in more detail, we used the filament reservoir-mixing model presented in

38 215  Fantle and Bullen (2009)" to generate theoretical, instrumentally fractionated Ca isotope ratios that were
40 216  then reduced with the double-spike equations (Equations 1 and 2). The model simulates two pools of a

42 917 spike-sample mixture that have the same starting composition but fractionate independently. Calcium

45 218 isotope ratios in each pool are fractionated with the exponential law (Equation 7). However, f is now

47 219 replaced with a time dependent value, f;:

49 220 B, =B, +AB-x, ©)
51 221 where po represents the starting fractionation factor based on modification during filament warm up and
54 222 focusing, 4f is rate of change for the fractionation factor as a function of duty cycle, and x is the duty

56 223 cycle number. For each duty cycle, the percentage contribution of each pool to the total ion beam varies.
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We considered two scenarios and a control summarized in Table 4. The scenarios were designed to
simulate as closely as possible the filament mixing patterns shown in Figure 3. In the first scenario, one
pool is the sole source of Ca ions for the first several duty cycles. Later, the other pool begins
fractionating and delivers increasingly more Ca ions until the first pool completely decays. In the second
scenario, the second pool begins fractionating during the first duty cycle and starts supplying Ca ions
during the following duty cycle. The transition between the two pools occurs more slowly, such that they
contribute equally by the end of the run. The control scenario simulates ideal fractionation from a single
pool. The scope of our analysis includes the measurement of *°Ca/**Ca ratios with *Ca-**Ca, **Ca-*Ca,
48Ca-42Ca, and *Ca-*Ca double-spikes and the measurement of #Ca/*Ca ratios with *Ca-*Ca and *Ca-
#Ca double-spikes.

Figure 4 illustrates the model output by plotting uncorrected ratios and simulated measurement
errors (deviations) as a function of duty cycle number. Deviations, given in ppm/amu, are calculated as
the difference between the true isotope ratio and the final output ratio after processing through the double-
spike equations. Figures 4A and C demonstrate that simple reservoir mixing can reasonably simulate the
actual uncorrected data provided in Figures 3C and E, while Figures 4B and D show that error magnitudes
depend on the combination of double-spike and sample ratios. Analysis of *°Ca/*Ca ratios with a *Ca-
*2Ca double-spike yields the lowest errors, followed by analysis of **Ca/**Ca ratios with a *°Ca-*Ca
double-spike. Analysis of **Ca/*Ca ratios with a **Ca-**Ca double-spike, **Ca/*'Ca ratios with a **Ca-*Ca
double-spike, and *’Ca/*Ca ratios with a **Ca-**Ca double-spike all yield higher errors having a similar
magnitude. Finally, analysis of **Ca/**Ca ratios with a **Ca-**Ca double-spike produces the highest errors.

To further examine these relationships, Figure 5 plots the average error for the various double-
spike methods as a function of the average error for the measurement of *Ca/*Ca ratios with a “Ca-**Ca
double-spike. The model scenarios define remarkably linear correlations. However, deeper consideration
reveals that the correlations are insensitive to the details of the mixing model, such as the parameters in
equation (9) or the percentage contribution of the two pools to the total ion beam. Other mixing

simulations produce identical correlations. Rather, the results are consistent with predictions from the

10

Page 10 of 28
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250  average mass rule. For example, the average mass difference between the “*Ca-**Ca pair and the *’Ca-*'Ca
251  pair is 0.5 amu. The average mass difference between the **Ca-*Ca pair and the *’Ca-*'Ca pair is 3.5 amu.

252 The ratio of 3.5 amu to 0.5 amu equals 7, which is effectively identical to the slope of 6.9 shown in Figure

©CoO~NOUTA,WNPE

10 253 5. In other words, the average mass rule predicts that errors attributable to filament reservoir mixing will
12 254  always be roughly 7 times larger when analyzing *’Ca/*Ca ratios with a **Ca-*Ca double-spike compared
14 255  toa*Ca-*Ca double-spike. Real measurements are consistent with this assertion. As reported in Section
16 156 3, analysis of “Ca/*Ca ratios with the **Ca-*Ca double-spike yields an external reproducibility of

19 257 0.22%o, whereas analysis of *°Ca/**Ca ratios with the **Ca-**Ca double-spike yields an external

21 258  reproducibility of 0.04%0°. The ratio of 0.22%o to 0.04%o equals 5.5. Most likely, the theoretical ratio (7)
23 259  differs from the actual ratio (5.5) because the former only considers the error from filament reservoir

25 260  mixing, whereas the latter also includes errors for counting statistics and Johnson noise, which differ

27 261  between the two methods.

29 262 According to the average mass rule, errors for the analysis of **Ca/*Ca ratios with a **Ca-*Ca
263 double-spike, “Ca/**Ca ratios with a **Ca-*Ca double-spike, #Ca/**Ca ratios with a *Ca-*Ca double-
34 264  spike, and “Ca/*Ca ratios with a **Ca-**Ca double-spike will be approximately 3, 5, 5, and 6 times worse,
36 265  respectively, than errors for the analysis of **Ca/*Ca ratios with a *Ca-**Ca double-spike. As shown in
38 266  Figure 5, the corresponding slopes are 4.0, 5.4, 5.4, and 5.5. We note that the slopes provided in Figure 5
40 267  slightly differ from the predictions offered by the average mass rule (e.g., 6.9 versus 7, 4 versus 3, etc.).
42 268  This is a second-order effect reflecting the double-spike and spike/sample ratios applied in the data

45 2069 reduction algorithm (see Table 4). Modestly adjusting the optimal ratios can entirely eliminate the

47 270  discrepancies such that the average mass law predictions and mixing model slopes are identical.

49 271 Our findings surrounding the average mass rule lead to important conclusions and may offer new
51 272  directions for improving the precision of Ca isotope measurements by MC-TIMS. It appears that efforts
53 273 to optimize Ca isotope ratios by double-spike MC-TIMS should consider errors associated with filament

20,29, 34

274  reservoir mixing in addition to those for counting statistics and Johnson noise . In fact, we suggest

5g 275  thatthe choice of the double-spike pair relative to the sample ratio of interest should be considered before

11
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any attempt to optimize the double-spike and spike/sample ratios. While selecting a double-spike pair
with a large mass difference may enable better quantification of the instrumental fractional factor’, this
seems secondary to constraints imposed by the average mass rule. As demonstrated here, filament
reservoir mixing explains why the **Ca-*Ca double-spike method consistently underperforms predictions
from the optimization model. The present study and Lehn et al. (2013) provide compelling evidence that a
#Ca-*Ca double-spike offers the most precise analysis of **Ca/*'Ca ratios®. We go on to propose that a
carefully optimized **Ca-*Ca double-spike method should offer the most precise analysis of *Ca/**Ca
ratios, as the errors due to reservoir mixing will be smaller than those for the **Ca-*Ca double-spike.
However, these recommendations could change if techniques can be developed to limit reservoir mixing.
Building on methods presented in Holmden and Bélanger (2010), Lehn et al. (2013) hypothesized that
loading samples between parafilm dams would mitigate reservoir mixing on the filament®, but the current
study indicates that parafilm dams do not eliminate the problem. It is uncertain if reservoir mixing would
be more prevalent without the dams, but we note that another study employing a **Ca-**Ca double-spike
found little difference with and without dams®. We load relatively large amounts of Ca on the filament
(10 — 16 pg) to optimize counting statistics and because the ionization efficiency of Ca is notoriously
poor. However, reservoir effects are likely more prevalent for large Ca pools. Using double and triple

filament assemblies®> 3¢

can enable smaller loads, improve ionization efficiency, slow the fractionation
rate, and smooth fractionation patterns, all of which have potential to reduce reservoir mixing errors.
Finally, selecting a double-spike pair with the same average mass as the sample ratio pair could in theory
eliminate the effect entirely. Examples include using *°Ca-*"Ca, **Ca-*Ca, or **Ca-*Ca double-spikes to
measure 42Ca/44Ca, 40Ca/48Ca, and *Ca/*Ca ratios, respectively. However, the natural abundances of Ca
are highly unfavorable for such applications and introduce other limitations to high-precision
measurements.

4.2 "Ca enrichments

Recent studies have highlighted potential problems with common Ca isotope standards.

Controversy has developed around possible “’Ca enrichments in 915a and/or seawater. Some studies have

12
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reported mass-independent isotope enrichments in 915a**?”*; others have interpreted small

discrepancies in “’Ca/*Ca and **Ca/**Ca measurements as a *’Ca enrichment in seawater'® **; and yet
others have found no enrichment in either standard" *>***’. While significant differences in external
reproducibility exist, we find that the *Ca-**Ca and **Ca-*Ca double-spike methods yield the same
3**Ca values for 915a and ASW™, as well as the three other standards analyzed. As Figure 6
demonstrates, a plot of §**0Ca versus §**Ca does not reveal significant “0Ca enrichments.
4.3 Ca isotope error reporting

Consistent with the convention in radiogenic isotope geochemistry*', we report external
reproducibility as twice the standard deviation (26sp) of repeated standard measurements. A recent study
(Fantle and Tipper, 2014)16 has argued that twice the standard error of the mean (26sgm), based on
multiple analyses of samples, better represents the external reproducibility of Ca isotope measurements
because standards often have simple matrices that obviate the need for column chemistry and real samples
have more complex matrices that can translate into outlier measurements, despite purification by ion-
exchange chromatography. However, our data tentatively suggest that filament reservoir effects can fully
explain outlier measurements. As shown in Table 3, matrix-rich standards purified by ion-exchange
chromatography (ASW and BHVO-1), as well as matrix-poor standards purified by ion-exchange
chromatography (CaF,), can be measured within the same external reproducibility as matrix-poor
standards loaded directly onto filaments (915a and 915b). This holds true for both the #Ca-*Ca and *Ca-
#Ca double-spike techniques. These results indicate that the external reproducibility determined from the
repeated analysis of standards can be assigned as the uncertainty for a single sample analysis. However,
additional experiments specifically targeting matrix effects are required to confirm this hypothesis.
5. Conclusions

Building on previous research by Lehn et al. (2013), this study used a Monte Carlo error model to
optimize a **Ca-*Ca double-spike for measuring 5**°Ca and §***Ca values by MC-TIMS. We tested the
optimization by repeatedly analyzing common Ca isotopes standards, such as OSIL Atlantic seawater,

NIST SRM 915a, NIST SRM 915b, USGS BHVO-1, and CaF,. For §*/*’Ca, the average external

13
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reproducibility (2osp) of £0.223%0 was ~11 times higher than internal precision (20sgm). For 644/42Ca, the
average external reproducibility of £0.126%o was ~4 times higher than internal precision. By comparison,
8**°Ca values measured with a *Ca-**Ca double-spike had an external reproducibility of £0.04%o, which
is only ~2 times higher than internal precision (Lehn et al, 2013). We attribute the poor performance of
the **Ca-*Ca double-spike to filament reservoir effects, which cause deviations from ideal exponential
mass-fractionation during ionization. We employed a mixing model to examine why errors are either
amplified or diminished for methods involving different combinations of double-spike and sample ratios.
We found that the difference between the average mass of the double-spike pair and the sample ratio pair
can be used to predict the extent of error magnification. These findings suggest that the “average mass
rule” should be taken into consideration when selecting a Ca isotope double-spike method. Because the
average mass difference between the **Ca-**Ca pair and the **Ca-*Ca pair is only 0.5 amu, the *Ca-**Ca
double-spike technique should provide the most precise analysis of §***°Ca values. Limiting the effects of
filament reservoir mixing may further improve precision. Finally, we note that many of the problems that

20.35 and filament

hamper the quality of Ca isotope measurements by MC-TIMS, such as collector cup drift
reservoir mixing'’, are not particularly unusual'® ****. Carefully monitoring and accounting for these
factors largely eliminates the need to repeatedly analyze the same sample, although it remains good
practice to occasionally measure duplicates. With the **Ca-**Ca double-spike method, our data suggest
that the external reproducibility determined from the repeated measurement of standards could accurately
represent the uncertainty assigned to a single sample measurement, but we note that additional
experiments are required to fully test this idea.
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Table Captions

Table 1: Isotopic abundances of Ca normal, Ca single spikes, and Northwestern University (NU) double-
spikes

Table 2: Method settings for Triton MC-TIMS

Table 3: Ca isotope results for 5 standards using the **Ca-"*Ca and **Ca-*Ca double-spike techniques

Table 4: Input parameters for filament reservoir mixing model

Figure Captions

Figure 1: Contour plots of theoretical (A) 3**°Ca and (B) 8***Ca internal precisions (26sgm) using a
*#Ca-*Ca double-spike. The model output reflects a 20 V **Ca beam and 90 duty cycles with integration
times of 4.194, 8.388, and 16.766 s for hops 1, 2, and 3, respectively. The curves represent theoretical
thresholds for collector damage (6.5 x 10" counts/sample) as a function of 43CadSp and pgsp for collectors
L4, L1, C, H1, H3, and H4. The filled circle marks the optimal ¥Ca-*Ca double-spike composition tested

in this study (*Cagsp = 40% and pgs, = 40%).
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1

2

2 438 Figure 2: 5**0Ca and §**Ca values for ASW, 915a, 915b, CaF, and BHVO-1. Circles show data
g 439 measured with the *Ca-**Ca double-spike method. Diamonds show 8***Ca values for BHVO-1

7

8 440  measured with the **Ca-**Ca double-spike method. The dotted lines denote average values. The gray areas
9

10 441 display external reproducibility (26sp).

11

12 442

13

14 443  Figure 3: Fractionation patterns observed in uncorrected and corrected data for 915b obtained with the

16 444  *ca*Ca double-spike method. Panels A and B show data with minimal fractionation patterns. Panels C

19 445 — D and E — F provide different examples of filament reservoir effects. The dashed lines in Panels B, D,
20

21 446  and F display the mean 915b value for this study (Table 3).

22

23 447

24

25 448  Figure 4: Uncorrected and corrected data from the filament reservoir mixing model. Panels A and B
27 449  show data for scenario 1, and Panels C and D show data for scenario 2 (see Table 4). Mixing scenarios 1
29 450  and 2 were designed to simulate real data from Figure 3. Note that results for §****Ca measured with a
451 BCa-*Ca double-spike, 5**Ca measured with a **Ca-*Ca double-spike, and 5**2Ca measured with a
34 452 *Ca-*Ca double-spike overlap.

36 453

38 454  Figure 5: Summary of filament reservoir mixing model results. Errors for 3***XCa measured with

40 455  different double-spikes are plotted against errors for 8***’Ca measured with a *Ca-**Ca double-spike.
42 456 Note that three sets of results overlap (see caption for Figure 4). The slopes demonstrate how errors

45 457  propagate according to predictions from the average mass rule. Other parameters, such as the double-
47 458  spike and spike/sample ratios, also influence the magnitude of errors, but to a lesser degree than the

49 459  choice of the double-spike pair relative to the sample ratio of interest. See text.

51 460

53 461  Figure 6: 8*Y**Ca versus 8***°Ca for five standards analyzed with a **Ca-**Ca double-spike. Error bars
462 represent 20sgm reported in Table 3. The solid line shows theoretical kinetic mass fractionation (slope =

5g 463 0.488). The dashed line shows theoretical equilibrium mass fractionation (slope = 0.476). Both lines are

17
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anchored to zero on the seawater scale, although this does not convey less uncertainty for ASW. Both

lines provide an acceptable fit to the data within the uncertainties.

18

Page 18 of 28



Page 19 of 28 Journal of Analytical Atomic Spectrometry

Table 1

Isotope  Canormal * %CaCo, ° BCaCo,*  **Ca-**Ca double-spike © **Ca-*Ca double-spike

Ca 0.9698 0.0272 0.0540 0.0396 0.0435
“2Ca 0.0064 0.0002 0.0018 0.0009 0.4678
$Ca 0.0013 0.0001 0.90 + 0.006 0.3626 0.4630
11 “Ca 0.0206 0.0015 0.0444 0.0191 0.0256
12 4Ca 0.0000 <0.0001 <0.0001 0.0002 0.0000
13 Ca 0.0018 0.971 + 0.002 0.0008 0.5775 0.0002

©CoO~NOUTA,WNPE

14 a: Russell et al. (1978)

15 b: Isoflex.com

16 c: Measured in this study, see text
17 d: Lehn et al. (2013)
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Method Parameter

Setting

“Ca abundance in *Ca™ Ca
double-spike
Double-spike ratio
Proportion of spike Ca in
spike -sample mixture
Spike-sample ratio
Filament assembly

Ca load

“’Ca ion beam intensity
Accelerating voltage
Resistors

Source Vacuum
Analyzer Vacuum

Hop 1

Hop 2

Hop 3

Idle time

Duty cycles

Blocks

Gain Calibration

Focus

Peak center

Baseline

Amplifier rotation

Total analysis time/ sample

#Cagy="Ca/(*Ca +*Ca)= 0.40 mol/mol

(¥Ca/*Ca) 4y=(1-*Cayy,)/ P Cagyy= 1.5 mol/mol
Pasp= Cagg/(Caggyt Cagyy)=0.40 mol/mol

dsp/smp= pge/(1-pgsp) = 0.66 mol/mol

Single Ta (0.002" h x 0.030" w)

10-16 ng

20V

10kV

10" Q

<1x 107 mbar

< 6x 107 mbar

“Ca (L2), ¥Ca (H3), 4.194 s

“Ca (L4), *Ca (H4), 8.338 s

4K (L3), “Ca (L1), *Ca (axial), *Ca (H1), 16.776 s
4 s after each hop

90

9 (1 block= 10 duty cycles)

Every 3 samples

Warm-up and every 4 blocks

Warm-up and every 4 blocks

Before each block, defocused, 30 cycles at 1.05 s/cycle
After each block

25h
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Table 3
*Ca-*Ca double-spike “Ca-*Ca double-spike

Standard Name §"9Ca,, 205p 205em "% Cay, 205p 20 gem n §*Cay, 20gp 265em n
OSIL Atlantic SW 0.000 0.224 0.047 0.000 0.135 0.028 23 -
915b -1.144 0.234 0.054 -0.585 0.136 0.031 19

915a -1.839 0.264 0.054 -0.930 0.153 0.033 22

CaF, -1.398 0.201 0.061 -0.666 0.091 0.028 11 - - - -
BHVO-1 -1.061 0.203 0.083 -0.494 0.115 0.047 6 -1.085 0.033 0.013 6
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Table 4
Double-spike methods
*Ca-"Ca A Cayy=0.40 and p,= 0.40 (This Study)
“Ca-"Ca *Cay,=0.3964 and p,,,= 0.1424 (Rudge et al., 2009)
“Ca-*Ca #Cayy= 0.4898 and p,,= 0.2239 (Rudge ct al., 2009)
“Ca-*Ca “Cay=0.50 and p,,=0.25 (Lehn et al., 2013)
Scenario #1 Pool 1 Pool 2
Starting Parameters
Fractionation begins x=1 x=11
Bo 0.235 0
A8 0.0025 0.0025
Percentage Contribution to ion beam (%)
Duty Cycle
1to 10 100 0
1110 76 =Previous value — 1.5% =100 — Pool 1
77 to 90 0 100
Scenario #2 Pool 1 Pool 2
Starting Parameters
Fractionation begins x=1 x=1
Bo 0.300
AB 0.0025 0.0025
Percentage Contribution to ion beam (%)
Duty Cycle
1 100 0
2 to0 90 =Previous value — 0.6% =100 — Pool 1
Control Pool 1 Pool 2
Starting Parameters
Fractionation begins x=1 n/a
Lo 0.500 n/a
A8 0.0025 na
Percentage Contribution to ion beam (%)
Duty Cycle
1 to 90 100 0
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20eu(%0)
B 0.025-0.030
M 0.030-0.035
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M 0.040-0.045
B 0.045-0.050
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