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Abstract. Firn and polar ice cores offer the only direct 1 Introduction
palaeoatmospheric archive. Analyses of past greenhouse gas
concentrations and their isotopic compositions in air bub-Methane (CH) is a potent greenhouse gas, which shows in-
bles in the ice can help to constrain changes in globalcreased atmospheric concentrations since the industrial rev-
biogeochemical cycles in the past. For the analysis of theolution (Intergovernmental Panel on Climate Char2@07).
hydrogen isotopic composition of methan&D(CHg) or A recent assessment of the present-day methane budget
82H(CHaz)) 0.5 to 1.5kg of ice was hitherto used. Here we is presented irKirschke et al.(2013. However, the at-
present a method to improve precision and reduce the sanmospheric load of Ck has varied on various timescales.
ple amount fo6D(CH4) measurements in (ice core) air. Pre- A wealth of information has been gained from concentration
concentrated methane is focused in front of a high temperameasurements regarding annualugokencky et al.1995,
ture oven (pre-pyrolysis trapping), and molecular hydrogendecadal iitchell et al, 2011), and millennial up to glacial—
formed by pyrolysis is trapped afterwards (post-pyrolysisinterglacial Loulergue et a].2008 CHy variability. Stable
trapping), both on a carbon-PLOT capillary at196°C. isotope data of methane on recent air samples @uay
Argon, oxygen, nitrogen, carbon monoxide, unpyrolysedet al, 1999 and on the past atmosphere using ice cores
methane and krypton are trapped together witteHd must  (e.g.Ferretti et al.2005 Fischer et a].2008 Sowers201Q
be separated using a second short, cooled chromatograph8apart et 22012 Mdller et al, 2013 provide further insight
column to ensure accurate results. Pre- and post-pyrolysi;ito processes and sources controlling the global methane
trapping largely removes the isotopic fractionation inducedcycle. For instance, knowledge of the temporal evolution of
during chromatographic separation and results in a narrowhe hydrogen isotopic composition of methadB(CHya) or
peak in the mass spectrometer. Air standards can be mea?H(CHy,)) over the termination of the last ice age (14 000—
sured with a precision better than 1 %o. For polar ice samplesl8 000 years before preserfowers2006 as well as during
from glacial periods, we estimate a precision of 2.3 %o for rapid warming events between 32 000-42 000 years before
35049 of ice (or roughly 30 mL — at standard temperature andoresent Bock et al, 20100 made it possible to reject the
pressure (STP) — of air) with 350 ppb of methane. This cor-“clathrate gun hypothesis” proposed Kgnnett et al(2003
responds to recent tropospheric air samples (about 1900 ppés the trigger for the steep atmospheric methane increases.
CHg) of about 6 mL (STP) or about 500 pmol of pure £H However, we are still far from a complete picture of the
biogeochemistry of methane in the past. Ice core isotope
studies or8D(CHjy) have the potential to improve our under-
standing of the global CiHcycle but are still scarce due to
analytical difficulties (e.gBock et al, 2010a Sapart et aJ.
201]) and the large sample amount needed. To date, the
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few published ice coréD(CHj,) studies required from 0.5kg capillary (i.d. 5.3 mm) filled with charcoal (grain size 0.3—
(Bock et al, 20108 to more than 1 kgfowers 2006 201Q 0.5mm, 0.41 gcm?, Fluka 05112; Sigma-Aldrich Chemie,
Mischler et al, 2009 of ice from multi-parameter deep ice Steinheim, Germany). This trap is immersed in liquid nitro-
cores with a typical precision of around 3 to 4 %.. This er- gen (LN) during the week and can be vented at room tem-
ror bar is still large in view of the observed natural variabil- perature over the weekend using valve VO in Higa pneu-
ity, which is rather small: about 30 %o for glacial-interglacial matic six-port, two-position valve (1/16in. fittings, 0.4 mm
and 20 %o for rapid changes during the last glac&dwers port diameter, Valcon M rotor; Valco, VICI AG, Schenkon,
2006 Bock et al, 2010h. This study presents new devel- Switzerland). The additional He purification cold trap lowers
opments based oBock et al.(20103 to improve precision the blank CH contribution considerably compared Bock
and accuracy and significantly reduce the sample size for (icet al.(20103. Extracting remnant gas in the sample cylinder
core)sD(CH4) measurements. (containing melt water) after an ice sample results in an H
peak 0.5% the area of a small ¢ldeak characteristic for
the LGM (Last Glacial Maximum — Cldconcentration of
2 Experimental 350 ppb — about 20 ka before present (BP), where present is
defined as 195Q;oulergue et a.2008 Clark et al, 2009.
We present an improved continuous-flow gas chromatogra!n comparison, the same procedure in the old system led to
phy (GC) pyrolysis (P) isotope-ratio monitoring mass spec-a 1% area of a LGM peak; thus, blank gEbntribution ap-
trometry (irmMS) system (GC/P/irmMS) designed to ana- pears to be reduced by 50 % for the improved set-up. To fac-
lyze 8D(CHyg4) from (ice core) air samples (Fid) with high  tor out the blank contribution from the extracted sample and,
precision. In the following we give a short summary of our for example, the sample cylinder walls, we trapped back-
previous instrumentatiorBock et al, 20103 and new devel- ~ ground gases (from the He carrier gas) on T2, thus bypassing
opments concerning the physical system and data processintfie sample cylinder, which resulted in a peak area of only
The most important new features presented here ar.2%.
pre- and post-pyrolysis trapping (pre&postPT) of £&hd The following sample preparation steps are similar to
molecular hydrogen (b), respectively, and subsequent gas Bock et al(20103: a glass vessel containing an ice core sam-
chromatographic separation using a cooled porous layer opeple is evacuated, and the enclosed air is released upon melt-
tubular (PLOT) column, which improve accuracy and preci- ing the ice. In a high flow (He, 500 mL mirt), water vapour
sion and reduce the required sample amount considerablys removed using a cooled Nafion membrane and a cold trap
A systematic dependency 8ID(CH,) on the amount of Cii  (T1) while the air sample is transferred to a trap filled with
(signal dependency) is observed but can be precisely corcharcoal (T2) immersed in LN.
rected for. The successful implementation of pre&postPT re- Contrary toBock et al. (20103, T1 is made up of an
quires as a prerequisite better purification of helium. A newempty 1/8in. tube of three coils that enter or leave a dewar
calibration software tool has also been developed, enablingnaintained at-90°C. Temperature controlled cooling of the
a one-step correction of system drifts over time and signadewar is achieved using LN droplets released into the de-
dependency (linearity) in an iterative way. war (Schmitt 2008 Bock et al, 20103. Only residual water
Note that the current status of our set-up has been reache¢pour is removed by T1, while GOs adsorbed on an As-
in separate steps over the last few years. The different stategarite trap beforehand, made of a 10cm 1/4in. stainless steel
are summarized in Tableand Fig.1, named after the year(s) tube. In this new set-up, #D is passed through the system
and depicted in different colours. Until 2010 no pre&postPT and can be measured in the mass spectrometer.
and subsequent gas chromatographic separation was per-Air reference injections are realized by switching V1, ei-
formed. In the years 2011 and 2012, we took advantage other mimicking an ice sample by introducing the air into the
post-pyrolysis trapping and basic GC separation afterwardsglass extraction vessel or by bypassing the sample vessel, de-
In 2013 we also implemented pre-pyrolysis trapping but still pending on the position of V2. Following a switch of V3, the
used the same basic second GC. Furthermore, since the bair sample is transferred from the charcoal trap to a trap filled
ginning of 2014 an enhanced, cooled 2nd GC is additionallywith Hayesep D (T3, at-100°C), where methane is quan-

operated. titatively trapped while the bulk air () Oz, Ar) is vented.
Residual air components and ¢Hre focussed on T4 (three
2.1 Instrumentation coils of a GC column (CP-PoraBond Q, 0.32mm i.d.) at

—196°C) and injected onto a GC column (Carboxene 1010
The system is fed by helium (He) (Alphagaz I, 99.9990 % pu-PLOT column (30 m, i.d. =0.32 mm)). Valve V5 is switched
rity; Carbagas, Switzerland), which is purified using a high- to route the sample through a new cold trap T5 and towards
capacity gas purifier and an inline gas purifier (both Supelcothe pyrolysis furnace only for the time window in which @H
Bellefonte, PA, USA). In addition to the description given by is leaving the GC column. T5 replaces Nafion-2 of the old
Bock et al.(20109, we further purify the He used for the set-up, which was less effective in removing water before
complete system in a 3m long 1/4in. stainless steel (SST}he pre- and post-pyrolysis trapping steps, and consists of a
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Figure 1. Flow scheme of the nedD(CHg) system including pre- and post-pyrolysis trapping of methane and hydrogen, respectively, and

a second short, cooled chromatographic separation column (2nd GC) after the last trap. The coloured boxes highlight the major differences
compared tdock et al.(20103. Red are the changes made in 2011-2012, blue represents additional changes carried out in 2013 and green
in 2014 (compare Tabl&). Capillaries are stainless steel (SST) or fused silica (FS), with the latter occurring only in the low-flow part.
Inside the GC we use a Carboxene 1010 PLOT column (30 m, i.d. =0.32 mm). Cold traps are “He purifier” (charcoal, 1/4in.), T1 (open tube,
1/8in.), T2 (charcoal, 1/4in.), T3 (Hayesep D, 1/8in.), T4 (CP-PoraBond Q, i.d.=0.32 mm), T5 (open untreated capillary, i.d.=0.53 mm),
T6, T7 and 2nd GC (all GS-CarbonPLOT, i.d.=0.32mm). The;@@d H O trap after the pyrolysis oven consists of a piece of untreated
capillary (i.d. 0.32 mm) immersed in LN.

U-shaped piece of untreated capillary (i.d. =0.53 mm) placedaccumulating on the cold 2nd GC column, a short piece of
in a well-insulated dewar cooled by LN droplets+80°C. untreated fused silica capillary is immersed in LN during the
In the following we describe the main new develop- day. Valve V6 is used to bypass the pyrolysis furnace, traps
ments. Eluting ChH from the GC is focused on T6 for T6 and T7, the C@and KO trap, and the 2nd GC in order
18s (pre-pyrolysis trapping, prePT) before it is releasedto vent water eluting from a warm T5 trap.
by passive warming to room temperature. Subsequently, Note that in an earlier version, our system was only ex-
the focussed pulse of GHis pyrolysed as described by tended by post-pyrolysis trapping, while pre-pyrolysis trap-
Bock et al.(20103, but the produced $and the pyrolysis  ping was implemented later (Tableand Fig.1). The latter is
side products are not allowed to enter the mass spectromsf potential interest as CHand CDH; experience different
eter (Isoprime, Elementar Analysensysteme, Hanau, Gerretention on GC columns (e.8ock et al, 20103, leading
many) directly. Instead, the pyrolysis products are trappedo a “time shift” (Ricci et al, 1994 or “time displacement”
on T7 for 40 s (post-pyrolysis trapping, postPT). Both traps(Meier-Augenstein1999. As both CH, and CDH; are held
— T6 and T7 — are U-shaped, 20cm long GC columns (GS-on T6, this pre-pyrolysis trapping step resets the chromato-
CarbonPLOT, ID 0.32mm, film 1.5um, Agilent Technolo- graphic separation introduced by the GC, allowing for pyrol-
gies, part number 113-3112) retaining £&hd H (and other  ysis of a non-fractionated methane peak. Furthermore, prePT
gases) at LN temperature. After postPT is complete, T7 isallows for a shorter post-pyrolysis trapping time, gsftdm
lifted out of LN and warmed to room temperature allowing CH4 pyrolysis elutes during a shorter time interval. This is
H> to enter the mass spectrometer via an open split. After T7advantageous because Eannot be held on T7 for an ex-
the line has been extended by two meters of the same PLOTended time under the described conditions. Instead, strong
column (2nd GC in Figl), of which 70cm are cooled to chromatographic separation betwees ahd HD for a sys-
—80°C to ensure baseline separation offtbm other gases, tem using a long post-pyrolysis trapping time leads to strong
which produce signals visible in both the/z 2 and 3 traces intra-peak fractionation visible in a large time shift.
(Fig. 2). The column piece of the 2nd GC is cooled on awell  Pyrolysis of CH is achieved using a custom-made high-
insulated brass surface by two thermoelectric coolers/heatetemperature furnacdpck et al, 20103. Using a brand new
(20W, 259, PKE 36 A 001, Peltron GmbH, Firth, Germany) thermocouple indicated that the optimal pyrolysis temper-
with the heat sink (a copper plate) immersed in LN. Temper-ature in our case is 140C. However, due to ageing of
ature is controlled by a thermostat (Jumo) to within @5 the thermocouple, the read-out of the temperature is con-
and can be set in a dynamic range-ef0 to —100°C. To siderably reduced over a time period of several months. To
prevent CQ and RO (eluting from the pyrolysis oven) from determine the optimal pyrolysis temperature, we introduce
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Figure 2. Chromatogram of signals induced by a pure 3k He injection on logarithmic scales. Note that each beam is on its own scale.
The top panel shows the hydrogen peaknofy 2 and 3. The bottom panel displays the signals measured when the mass spectrometer is
focussed to either /7 18 (water) onn/z 28 (Np and CO). Clearly, N and CO, which are trapped together with &h T7, are well separated

from Hy by our cooled 2nd GC. A signal on/z 18 (and 17, water), which is produced in situ in the mass spectrometer, is visible,foutH

also for b and CO (compare text and Talde Individual backgrounds of the measured signals of 0.8, 0.0015, 0.2 and 0.2 nA are subtracted
for beams ofn/z 2, 3, 18 and 28, respectively.

CH, peaks via V7 (e.g. 3 times 10 uL loop with roughly to simultaneously measus&3CHj, isotopes of MO, Xe and
500 ppb CH in He) at different temperatures. We observe more trace gas concentrations.
two plateaus at different temperatures, one §&(CHy)
values and one for peak areas. The plateal@fCHj,)
at higher temperature is favoured for high-precision iso-
tope measurements because the small but inevitable temper-
ature fluctuations in the reactor then lead to smaller scatWe use custom-made Pythorhttp://www.python.org/
ter in isotope values. Too high temperatures lead to shortscripts to process the raw beam data, to organise peak data
ened lifetimes of pyrolysis reactors which becomes no-of references, standards and samples in specific libraries and
ticeable through higher backgrounds of nitrogen and ar-to perform the calibration to the international VSMOW (Vi-
gon caused by ambient air. Typically, a reactor (stone-wareenna standard mean ocean water) scale. The peak integration
GmbH, Switzerland, DEGUSSfTAI,03, length=420mm,  method is similar to that described Bock et al.(20103.
i.d.=0.5mm, o.d.=1.5mm) facilitates reproducible results Integration limits are found based on the major beam time
for about half a year. When a new reactor has to be installedseries and also applied to the minor beam. In commercially
it is heated up using a ramp of 5 h and pre-conditioned overavailable mass spectrometer software, the integration limits
the course of a day by injecting 10 pL loops of the previously are determined based on the derivative of the beam time se-
mentioned mixture of 500 ppb GHn He every 40 s (without  ries according to thresholds of the slope (eRicci et al,
using any trap). 1994. We chose a different approach here: we determine
As a second major improvement to the system followingthe peak maximum and set the integration limits to fixed
a development byschmitt et al.(2014), we can now mea- numbers of data points before and after the peak maxi-
sure N O concentration§'>N ands*80 of N,O on the same  mum, that is, we use a fixed peak width. This choice is
sample. Therefore, after thepHicquisition for methane is  not critical as an alternative peak evaluation using the com-
completed, the pyrolysis reactor is bypassed using valve Vanonly used start- and end-slope critefRidci et al, 1994
and a peak jump is performed in order to focus the mass speded to the same results within the given error limits (re-
trometer to the MO configuration measuring/z 44,45, and  evaluated data not shown). In contrast to our previous pro-
46. After a second peak jump, we measure xenohe?t cedure, pre&postPT removes the isotopic fractionation in-
and!36xe?+) using beams:/z 66 and 68. Xenon is consid- duced by the chromatographic separation resulting in nearly
ered a proxy for total air content and is used to calculatg CH unfractionated I peaks in the current set-up. Hence, we do
and NO concentrations. For detailed descriptions ofON  not perform a time shift correction of the/z 3 beam. Gen-
and Xe analytics, we refer the reader to a companion puberally, the background is determined as the median of data
lication by Schmitt et al.(2014 reporting on a new system points 6 s before the peak start (see Rig.

2.2 Data processing
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In order to calibrate samples, it is essential to compare
samples to reference measurements that are sufficiently sta-
ble over time and match the sample size. If this cannot be
achieved, one has to correct for any drift and signal depen-
dency (e.gSchmitt et al, 2003 Potter and Siemanr2004
Bock et al, 20103 Brass and Rockman2010. In our case
this is essential, because we observe a clear signal depen-
dency of theSD(CHj4) values (Fig.3a). We note that the
H3 factor did not change compared Bwck et al.(20103
and is accounted for during evaluation of chromatograms.
Hence, residual signal dependency is due to processes up-
stream of the mass spectrometer (e.g. pyrolysis conditions).
The observed signal dependency is stable and reproducible
over long time intervals and can therefore be precisely cor-
rected for without compromising the overall precision of the
measurement (see Se8t2). When a new pyrolysis reactor
is installed, the signal dependency may change, and a new
interval of our data analysis has to be started to account for
this change. We developed a new software routine to correct
for any system (time) drift and signal dependency simulta-
neously; this is presented in detail in the Appendix of this
article and Fig3a and b. It takes standard measurements of
known isotopic signature and iteratively fits parameters for
(temporal) drift and signal dependency at the same time in
order to minimize the standard deviations®@(CHjy) of this
reference air. The latter assumes constant signal dependency
within a certain time period (typically a few weeks). The
same assumption holds for laboratories determining signal
dependency on a periodic schedule, but we see two advan-
tages of our approach: (1) no extra day is needed to exam-
ine signal dependency and (2) if signal dependency changes
slightly during the chosen time interval, this change is al-
ready accounted for by our reference measurements covering
this interval. The fit parameters and daily mean values of our
reference “Air Controlé” are used to calibrate the samples.

3 System performance
3.1 Accuracy

Our reference used to calibrate all samples is Air Controlé,
a recent clean air tank (GHoncentration =[Chf| = 1971+

7 ppb) for medical purposes (bottle 541659, filled Febru-
ary 2007 in Basel, Switzerland, Carbagas). Air Controlé
was cross-referenced t693.6 %o with respect to Vienna
standard mean ocean water (VSMOW) using bottled air
from Alert station “Alert 2002/11” Bock et al, 2010a
Poss 2003 Marik, 1998, previously measured at the In-
stitute of Environmental Physics in Heidelberg (IUP, Uni-
versity of Heidelberg, Germany). At the IUP two scales
for SD(CH4) co-exist; one is based on mass spectrometric
measurements of water-derived khamed MAT), and the
other is based on methane-in-air gases measured using a
tunable diode laser system (hamed TDLAS). The anchors

Atmos. Meas. Tech., 7, 12982 2014



2004 M. Bock et al.: Improving accuracy and precision oBD(CH4) analyses

B ice samples as measured

® air reference as measured

g _, fitted air reference §
~ -85 measurements -85 ~
5 - j 5
1 == signal dependency function =
Q =
-90 ® ° s ° -90
L
W3
. ® o
-95 'Y r -95
[) o §
() L]
‘
? I L]
-100r -100
2.0 25 3.0 3.5 4.0 4.5 5.0 (a) 0 5 10 15 20
major area (nAs) time (days after 18 Feb 2013)
[ ] [ ]
-75 - L] -75
u u
] u
-80F -80
gz | = . 2
T z
S} . . o
a B calibrated ice samples a
= =
g —85- @ calibrated air reference _85§
o measurements o©
S s
o o
-90p -90
L] [ ]
L] ° ] °
) o0 o9 °
L]
o f‘ e . o&
Q ® @ o s Se L ‘. ‘.“
-95 ° ° Y e o -95
° . ° .
20 25 30 35 40 45 50 0 5 10 15 20
major area (nAs) (b) time (days after 18 Feb 2013)

Figure 3. (a) Top panels: uncalibratetD(CH,) data of our reference Air Controlé (black bullets) and B34 ice core samples (green squares).
The left panel show8D(CHyg) vs. major area, i.e. the observed signal dependency including temporal drift. The right panel shows the same
uncalibrated data set plotted against time. The red dots and line show the fitted standard numbers, which are later used to calibrate the
samples, as described in the Appendix. The closer the red and black symbols are to each other, the better the fit. The cyan line indicates th
polynomial correction function for signal dependency.

(b) Bottom panels: calibratetD(CHj,) data of Fig.3a after correction for temporal drift and signal dependency using the software described

in the Appendix. The left panel show®(CH) vs. major area and the right panel shows the same calibrated data set plotted against time.
Black bullets show standard measurements (Air Control€); green squares show B34 ice core samples.

are IAEA (International Atomic Energy Agency) water stan- twice using each method and was calibrated with respect to
dards VSMOW and VSLAP (Vienna standard light Antarc- the mean of both scales-82.2 %o+ 1.0 %0, C. Veidt, per-

tic precipitation) for MAT and CH in air standards, the lat- sonal communication, 2014). Error propagation of the mea-
ter originally calibrated by the Bundesanstalt fuer Geowis-surements performed in Heidelberg and Bern to get from pri-
senschaften und Rohstoffe (BGR) Hannover, Germany formary standards to the value of Air Controlé, which we use to
TDLAS (Bergamaschi et gl1994 2000. The two scales calibrate samples, leads to an uncertainty of 3.5 %o.

agree within 1.0 %0 (MAT> TDLAS), which is within their In our previous reportock et al, 20103, we presented 4
precisions of 2.4%. and 1.0 %. for MAT and TDLAS, re- air samples (Dome 6, Dome 13, Groningen Air, NAT-332 air)
spectively.sD(CHyg) for Alert was measured in Heidelberg in the D(CHjy) interval [-70, —110 %o] in good agreement
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Table 2. Sequence of detected species using the 2014 set-upl(Rigd Tablel). Retention time (RT) is given relative to the, Hheak
maximum. Ar, @ and N> are not well-separated from each other under the described conditions. F@n@Hr, the start of peaks is given,

as the two substances elute very broadly from the cooled PLOT colup@®.ddes not enter the mass spectrometer but is produced in situ
(see text).

Substance RT (s) Origin Influence on target beams Visible on beam(s)
H> 0 pyrolysis-derived sample-CH target (positive peak on both/z2and 3) m/z2 and 3

Ar collected background m/240

o)) 9 negative signal om/z 2 (none onn/z 3) m/z16, 32

of low-flow part

Ny m/z 14, 28 (44)
CO 20.4 CH pyrolysis side product positive signal eryz 2 (none om/z 3) m/z12,16, 28 (44)
H20 05 in situ production
9.3 . P positive signal omz/z 2 (none onn/z 3) m/z16,17,18
01 g INmass spectrometer
CHyg 185 unpyrolysed sample GH positive signal omz/z 3 (small onm/z 2) m/z 15, 16
Kr 210 only from Kr containing air samples  positive signalmy; 2, negative om:/z3 m/z43

with Braunlich et al(2001) and younger measurements per- other labs, but would not influence the interpretation of time
formed by the Institute for Marine and Atmospheric researchseries or interpolar difference studies consistently carried out
Utrecht (IMAU) (Sapart et al.2011), who so far use the with our set-up. To conclude, itis not clear whether the afore-
same TDLAS scale as IUP. Two of these air samples (atmentioned offset prevails for ice samples, or if the effect only
the margins of thé D(CHg) interval) have been re-measured occurs after ice sample extractions. We therefore chose not to
with our improved set-up (Tablg Fig. 1), again with good  correct for this (potential but) insignificant offset.
agreement (Tabl8). Note that a new independent scale for  Note that our results for WAIS (West Antarctic ice sheet,
8D(CHjy) is currently being established at MPI for Biogeo- core WDCO5A, tube 184, depth range: 172.74-173.03 m, age
chemistry, Jena. Accordingly, stringent Round Robin testsapproximately 410a BP) are 15%. more enriched in deu-
for methane isotopes will make it possible to check the agreeterium compared to data presentedMischler et al.(2009.
ment of differenD(CHj,) scales in the future. This offset is similar to the one observed for Boulder air
In summary, we are confident that our measurements ar@Bock et al, 20109 compared to measurements performed at
close to the VSMOW scale (to about 3.5 %o); however, wethe Stable Isotope Lab of the Institute of Arctic and Alpine
note and will show later in this section that effects due to dif- Research (INSTAAR, University of Colorado, Boulder, CO,
ferences in matrix and/or concentration of samples and refUSA) and reflects the fact that the laboratories in the US
erences can hamper highly accurate results, while deviationand Europe are tied to different primary standard air bottles.
are difficult to pinpoint for individual laboratories and inter Note that no internationally accepted isotope reference mate-
laboratory comparison exercises. rial for CH,4 from air samples is yet available. At the time of
As an update fronBock et al.(20103, we introduce a new  writing, the aforementioned lab offsets are being addressed
standard gas here: “Saphir 4” (bottle 4405, Carbagas, artifiin a Round Robin organized by T. Sowers and E. Brook us-
cial clean air mixture with 761 ppb CHand no krypton). ing WAIS ice and bottled air samples with varying methane
Saphir injections through the melt water of a previously ex- concentrations.
tracted ice core sample are slightly depleted in deuterium Post-pyrolysis trapping and subsequent gas chromato-
(ca. 2 %o, see Tabl8) compared to Saphir injections bypass- graphic separation enables the measurement of a pprre H
ing the sample container, but the mean values are within thgpeak in the mass spectrometer. Recegtiimitt et al(2013
combined error. Taking the small difference at face value,demonstrated that krypton (Kr) interference is possible dur-
this fits to our expectation of preferential dissolution of the ing carbon isotopic analyses of @HConventional sta-
heavy isotope in the denser medium. If the extraction effi-ble isotope analysis of CHusing GC-IRMS without post-
ciency is equal for Cl and CDH; (or less for the heavier conversion separation leads to insufficient separation of CH
isotopologue), we expect lighter values for air standard in-and Kr. In the case of13CHy, the influence of Kr or$13C
jections flowing through melt water. Unfortunately, we can- analysis leads to a significant alteration of the results. Sim-
not quantify the process, as there is no ice sample with knowrilarly, Meier-Augenstein et al2009 reported interference
isotopic composition of the occluded air. Note, that any biasof N, for Hy analyses. In the discussion version of this
would only be relevant for intercomparison exercises with contribution, we thoroughly demonstrate the influence of
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Table 3.Results obtained with the neMD(CHyg) system (green boxes in Figj) in comparison to our previous set-ups (TableMean values

are given in column 3; columns 4 and 5 show standard deviatier)sofilsamples and Air Controlé reference air measurements, respectively.

Air Controlé measurements are used to calibrate the samples to the international VSMOW scale. Air Controlé has been cross-referencec
with respect to Alert (see text). The value given for Alert in the column for 2010 is given by C. Veidt (personal communication, 2014). “N”
represents the number of measurements used: subscripts “SA” and “REF” in columns 2 and 6 denote sample and reference (i.e. Air Controlé)
respectively. Columns 7-11 are arranged in the same pattern for the data with only basic GC separation after preBquise®@l(2013

(red and blue boxes in Fid). Columns 12-14 show values obtained with the previous set-up preserBedkret al.(20103. Ice sample

results are not corrected for any firn diffusion process. Gas ages of the ice samples are estimated as follows: B30 — 670 a BP, B34 — 1400 tc
1530 aBP, and WAIS — 410 a BP. The WAIS samples are from core WDCO5A, tube 184, depth range: 172.74-173.03 m. NGRIP gas samples
date from between 870 and 9000 a BP.

This study (green) Bock et al. (2013) (blue) Bock et al. (2010a)
Sample description SD(CHg) 1o 1o 8D(CHg) 1o 1o SD(CHyg) 1o
(sample size, origin Ba mean sample reference RNF Nsa mean sample reference RNf Nsa mean sample
CHjy concentration) (%o0) (%o0) (%o0) (%o) (%o) (%o) (%) (%)
Air reference and samples
Alert (“2002/11", [CHy] = 1831 ppb) 6 814 0.5 0.6 21 —-82.2 1.0
Air Controlé (all injections, 4-40 mL) 47  —-93.6 11 47 544 —93.6 13 544 343 —93.6 2.8
Air Controlé (only larger loops (18—40 mL) 21  -936 0.6 21 69 —93.6 0.8 69 86 -93.5 23
Saphir 4 ([CH] =761 ppb) 5 —169.6 15 11 26 36 -171.6 1.2 0.9 240
Saphir 4 (loop after sample) 3 1716 11 11 26 34 -173.2 1.4 0.9 240
Saphir 3 ([CH] = 1004 ppb) 2 1734 0.4 0.9 15 18 -167.6 2.4
Boulder (CAO8289 [CH] = 1500 ppb) 4 -812 0.5 0.6 21 14  -81.0 11 0.7 29 8 —808 1.3
NAT-332 ([CHy] = 2141 ppb) 2 -107.7 11 0.5 12 3 —-108.0 1.8 0.8 19 6 —106.3 1.2
Dome 6 (firn air [CH] = 1718 ppb) 2 -718 0.1 0.5 12 2 -71.0 0.8 0.2 8 2 —-710 0.1
Ice core samples
B30 (Greenland, pre-industrial, depth range 2m) 2 -915 0.8 1.1 49 14 —-94.7 —-3.7
WAIS (Antarctica, pre-industrial, parallel replicates) 4 -730 0.5 1.2 20
B34 (Antarctica, late Holocene, depth range 9 m) 4 -71.4 15 11 26 a7 —74.6 2.8 15 422

. depth  pooled

Ice core replicates Nsa intervals P
B34 ice (parallel replicates, late Holocene) 37 17 2.2
NGRIP (bag replicates of gas cut, Holocene) 27 13 2.3

unpyrolysed CH and Kr on the target beams/z2 and 3  peaks produce a signal am/z 18 (and 17), with the latter
when only a basic chromatographic separation is used aftgpeaking shortly (ca. 0.5s) after the ldeak maximum. We
the conversion stefBock et al, 2013. Based on that, we as- propose that water is produced in situ within the ion source
sess in the following the origin and influence of peaks show-from oxygen-containing species already present in the ion
ing up after the Ch-derived H peak when a cooled PLOT source (CO, C@ O, H>0). Tests indicate that the changes
column is used for separation, subsequently referred to ag the history of BO-generating background levels in the
post-peaks (Fig2). Implementation of the cooled 2nd GC mass spectrometer can significantly alter the isotopic signa-
revealed additional substances causing signals in the madare of pure (rectangular) Hoeaks. Specifically, we find de-
spectrometer either due to a direct effect or via the produccreasedD(H2) values for higher water levels (generated in
tion of a third substance from the eluting substance plusthe ion source). Performing the same measurements at lower
background. The latter effect, occurring in the ion source,electron voltages (from 90 to 70 eV) reduces the effect and is
is named in situ production. generally recommended féD(Hz) analysis due to the for-
For pure CH in He injections, signals om/z 12, 14, 15,  mation of*He?* at voltages-79 eV Denifl et al, 2002 (and
16, 17, 18, 20, 28, 32, 40 and 44 are found for the respeceomments by W. Brand in the Isogeochem archive, 2002 and
tive focussing of the mass spectrometer (data not shown). 12005, http://list.uvm.edu/cgi-bin/wa?A0=ISOGEOCHBEM
Table 2 we list all species measured with the 2014 set-up In any case, it is possible to create and maintain stable
(Fig. 1 and Tablel). From the measurements of the different conditions for our complete system enabling rola3{CHj)
species at different focus settings, we conclude that the maimeasurements, that is, strictly following the “identical treat-
components are Nand CO measured ca. 9 and 20 s after thement” (IT) principle of samples and referenc&¥gfner and
H, peak maximum, respectively (Fi@). Furthermore, Ar, Brand 2001). To provide each Chiderived B peak with
Oz, unpyrolysed Clf and Kr elute from the 2nd GC and are identical background conditions, we stick to the previously
baseline-separated from our target {fig. 2 and Table2). described regular injections of either pure £ He or
H>0, NoO and CQ cannot pass the cold trap between the sample/reference air-derived gldvery 20 min Bock et al,
pyrolysis oven and T7 but are visible when the mass spec20104 and leave the open split inserted over the course of the
trometer is focussed to their typical/z settings. Therefore, day. Obviously, also pure Hrectangular monitoring peaks
these gases must be produced from eluting peaks plus backre injected on a regular schedule.
ground gases present in the ion source. It is evident that H
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Table 4. Results of ice core samples from B34. Given depth indi- effect will cancel out by adhering to the IT principle of sam-
cates the middle of each sample. Depending on replicate shape amgles and reference$Merner and Brand2001). The second
weight, typical samples are between 5 and 15cm long. Gas agegost-peak (CO) is produced as a side product of @ytoly-

are estimated from the offici'al AICC2012 chronologgefes et al. sis. In our previous reporBpck et al, 20103, we showed
2013 for the EDML core, which is located nearby. The standard de-that within the precision of that time, neither changes in

viation of Air Controlé measurements used to calibrate the samplem_l4 concentration nor sample volume influent@(CHy)

is given in the column namedr1 Samples with a weight 220 g . . - S

correspond to a methane amount comparable to samples from th:‘ésj raIOSLé)r \/e;?éaﬁg?glgosn\\;veersr:?;tcli;nteﬁeHeenafke ’sitzhees l(-li_ ep”r:gltrf)llzne

glacial with lowest CH concentration of around 350 ppb. ' p e "
amount) for samples and references. On the contrary, differ-

Middle Gasage(aBP MeasurementdatéD(CHg) 1o  Weight ences may occur in systems with or without post-conversion
depth(m)  AICC2012) (Day Month Year) (%) (%) (@) GC separation caused by unpyrolysedGithd Kr. Results
181.435 1401 20 Feb 2013 -748 09 2196 for Saphir 3 (Table3), an artificial air sample containing no
s T o2 Egg oo O o krypton, which was re-measured with-85.8 %o offset and
181.935 1408 12 Mar 2013 ~750 09 2004 with a combined error of 3.5 %o (the square root of the sum
122-322 ﬁéj gsov ;gﬂ —;g-g 13 ;ggg of the squared standard deviations of samples and reference
183.128 1425 8 Ng\‘f 2011 741 26 2065 measurements) using the system with only basic 2nd GC sep-
183.190 1426 15 Feb 2012 -762 27 3167 aration (blue in Figl and Tablel), may indicate such an ef-
ggéig iﬁg 3,\’\‘/";‘; ggg :;gi 12 ggig fect. Although this offset is still within & of the error, we
183.315 1428 16 Feb 2012 792 27 2104 speculate that this is related to the Kr effect for the older
183.445 1429 1 Nov 2011 —-755 19 377.0 measurements without post pyrolysis GC separation. In the
183.445 1429 22 Feb 2012 —78.8 3.3 264.4 . . . . . .
183.570 1431 8 Dec 2011 772 21 3126 discussion version of this contribution, we demonstrate that
183.695 1433 31 0ct 2011 -784 19 3943 Kr produces a positive signal am/z 2 and a negative signal
roaas byl ggg oo as 12 el onm/z 3 (Bock et al, 2013. The effect for Saphir is maxi-
183.945 1437 10 Feb 2012 —737 27 3185 mal as we reference this gas mixture to a standard containing
184.150 1440 11 Sep 2013 -768 12 2546 recent Kr and CH concentrations (Air Controlé) (see also
184.150 1440 18 Jul 2013 —75.5 1.4 293.3 . . . .
184.150 1440 20 Aug 2013 _736 18 2938 Schmitt et al. 2013. Using a 2nd GC separation, separating
184.150 1440 13 Sep 2013 -733 12 2676 Kr from the CHy-derived B peak as in the latest version of
i T Shuazols B ) our method, a Kr effect is completely avoided.
184.550 1446 12 Jul 2013 ~709 09 2506 Generally, we have found our system to be remarkably
123-228 mg 18 2U922§1143 *;gg 1? gggg stable over the past several years, despite the implemented
184 550 1446 14 Ag: 2014 797 11 2457 changes (Tabld and Fig.1). Table3 summarizes our re-
184.730 1449 13 Jun 2013 -763 12 2116 sults and shows no significant differences for Alert, Boulder,
184.730 1449 7 Jun 2013 —75.2 1.2 257.0 _ H : H _
184.730 1449 11 Apr 2014 Tio 11 oman NAtT t332, Dofme6 or |;:e samples when comparing the differ
184.730 1449 15 Apr 2014 -69.4 1.1 2378 ent stages ot our system.
igi-gig i‘gi (}38J Junz (2)2;3 —;2-92’ i; ggég Using the 2014 set-up, Alert, our primary standard and an-
185.190 1455 183l 2011 745 12 2738 chor with respect to VSMOW, has been re-measured with a
185.190 1455 18 Jul 2011 -775 12 2129 difference of+0.8 %. compared t@ock et al. (20103, which
122522 ﬂgg e jﬁ: ggﬂ :;g-g 2 j‘z“;’-g is not significant with respect to the measurement errors. We
185.500 1460 26 Apr 2011 753 04 4270 decided not to shift our scale based on these six measure-
186.985 1481 19 Mar 2013 —723 09 4086 ments.
187.133 1483 19 Feb 2013 716 09 3100
187.420 1487 24 Oct 2012 ~709 19 3474 o )
187.420 1487 23 Oct 2012 ~-742 19 3407 3.2 Precision and sample size
190.475 1528 31 May 2013 —68.7 1.2 261.7
190.475 1528 4 Jun 2013 —68.0 1.2 251.4 . . . . .
190.565 1529 30 May 2013 _701 12 2623 In this section we describe the improvements concerning pre-
190.565 1529 22 May 2013 -713 12 2507 cision and sample size due to pre- and post-pyrolysis trap-
190.655 1530 17 May 2013 769 11 2644 : .
190775 1532 5 Jun 2013 802 12 2081 ping of methane and hydrogen, respectively. In our old sys-
190.775 1532 15 May 2013 739 1.0 2204 tem (without pre&postPT) a typical sample (up to 500 g of
190775 1532 8 May 2013 —729 05 2451 polar ice with CH, concentrations between 350 and 700 ppb)

showed peak heights of the major beam between 0.6 and
In the following we will discuss the accuracy of our new 1.3 nA (forice core samples presentecBock et al, 20108.
system and its consistency with previous versions of ourWhile peak areas are still in the same range for identical
3D(CHjy) analysis (Tabld). As presented in Tabl the first ~ amounts of CH, major peak heights are increased roughly
post-peak (mostly B is due to trapped background nitro- fourfold due to postPT.
gen in the He carrier gas stream. Assuming constant back- In Table 4 and Fig.4, we present 51 ice core samples
ground (leak rate) conditions over the course of a day, anysee Sect3.3) of a core dry drilled next to the EPICA
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f ‘ S S——— presented irBock et al.(20108 with the new Python rou-

182 . ST S ST . N tine described in the Appendix. The standard deviation of all
Air Controlé measurements using the new tool is 2.5 %. com-
pared to 2.8 %0 using the old procedure. Note, however, that

: ‘ : even the smallest peaks of the old batch were larger by a fac-
P Hm ] tor of 1.6 compared to the peaks that can now be measured

|

@
b
T

with comparable precision using pre&postPT. Furthermore,

)
a
T

.
"

E i = we acquired several runs of pure ghh He injections of
2 186t : varying methane amounts with and without pre&postPT as
§ _ : a second measure of the gain in precision. For the old system
@ " B = e I S we obtained a standard deviation of 2.0 %o for peak areas be-
ol j | tween 1.8 and 13.3nA. The smallest peaks between 1.8 and
181 2011-2012 (only postPT + basic 2" GC separation) 3.0nA could be measured with a precision of 2.6 %.. After
189}...| W 2013 (pre & postPT + basic 2*! GC separation) ] introducing pre&postPT, we are able to achieve a precision
#2014 (pre & postPT + enhanced 2"! GC separation) of 1.6 %o for even smaller peaks between 1.3 and 1.7 nAs.
R : : : : : 1 As seen for the re-evaluated Air Controlé measurements, the
ol e H__._._,:4- “ T gain is smaller for larger peaks as indicated by a standard de-
T TR T e Y AT viation of 1.4 %o for peak areas between 1.3 and 6.9 nAs. We
OD(CH, ) (%o wrt VSMOW) conclude that the new data processing tool presented here

represents an efficient and robust way to handle time drifts
and signal dependency in one step, but the main benefit with
Jespect to precision is attributed to the implementation of

viation of B34 replicates (2.3 %o) fatD(CH,) and the total depth pre- and post-pyrolysis trapping of methane and hydrogen,

range of each individual sample. The 10 m depth interval presentedi€SPectively.

here corresponds to an age range of approximately 150 a; accord- )

ingly, a depth change of 1 m represents a nominal age increase of-3  First results
about 15 a, which is significantly smaller than the width of the age
distribution of the bubbles in the ice.

Figure 4. §D(CHyg) of B34 ice core samples measured during the
years 2011 to 2014 (using the different set-ups shown in Tadiel

B34 ice core samples described in the last section have been
analysed thoroughly using the different set-ups. No B34-
(European Project for Ice Coring in Antarctica) drill site SPECIfic gas age scale has been established; however, due to
in Dronning Maud Land, Antarctica (EDML, 76.15 S, its vicinity to EDML, we make use of the Antarctic Ice Core
00°4.104E, 2892 mas.l.), called “B34". For B34 ice core Chronology_2012 (AICC2012)veres et al.2013 to derive
sample sizes between 200 and 4509 (with a;@Hincen- ~ 92S age estimates: on the EDML scale the depth range 181-
tration of roughly 640 ppb), we now obtain peak heights be-191 mbs corresponds to an age.of the occluded air of 1491—
tween 1.5 and 4.3nA. To mimic low glacial GHtoncen- 1532 a BP (Tabld). Note that in ice cores, the extracted air
trations, only 200-220g samples of B34 ice (equivalent to!S integrated over a large number of individual air bubbles

350-400 g with 350 ppb CHas found for the Last Glacial in the ice, which have somewhat different gas ages due to
Maximum) were used and are listed in Table

the bubble close-off process in the firn column. Accordingly,
Table 3 summarizes our isotope results for air standards/c€ cOres provide only a low-pass filtered signal of the at-

and ice samples. It is clear that precision of the new set-ugl©SPheric concentration. Using the firn model described by
has improved as indicated by smaller standard deviations opP2hni et al(2003, we calculated the age distribution for
EDML in the Holocene, representing the distribution of the

air standards (1.8 %o or better) and pooled standard deviation ) ; DR Ay
gas age in each bubble: the peak in the age distribution is at

of ice core samples (2.3 %o or better). X ; . .
Note that the precision is comparable for small and large33 & @nd the width at half-maximum is 67 a. Figdrshows

B34 samples (Tabld). Based on the pooled standard devia- $P(CHa) measured on B34 ice samples on a depth scale. The

tion of B34 samples from the same depths measured betweeiffMe data are also presented in Tablahich additionally
2011 and 2014, we estimate that our system's precision foP'OWS 9as age, the measurement date and the weight of sam-
ice samples is around 2.3%.. Note that with this method ples. Overall, we are confident that the described system was

5D(CHa) of present-day tropospheric air can be measuredstable in terms of accuracy over the_: past few y_ears,_and the
with a precision of better than 1 %o on 18-40 mL (STP) sam-Pooled standgrd deviation of all replicat@é £ 41, identical
pIeS (Tabléa) depths = 17) is 2.3 %o.
Most of the gain in precision of the improved system is
due to pre&postPT, and only a small fraction can be at-
tributed to our data processing routine. We assessed this
by re-evaluating the standard measurements of our data set
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Along with our measurements on standard air tanks, thed Conclusions
ice sample data for all set-ups agree within the overall scatter
of all data. Despite the fact that the samples have been meadl/e presented pre- and post-pyrolysis trapping of methane
sured with three different measurement systems and over and hydrogen, respectively, combined with post-trapping GC
time span of several years, all samples agree withirfd separation on a cooled PLOT column to improve accuracy
any given depth interval and most samples agree within 1 and precision and reduce sample amouni{CHy) anal-
showing that they are statistically identical. Despite this sta-Ysis of atmospheric and ice core samples. We showed that
tistical agreement there seems to be the tendency of samplége precision for 350g of ice (or roughly 30mL of air)
taken at exactly the same depth to agree better than sampl&dth 350 ppb of methane is approximately 2.3 %.. This corre-
that have been cut from adjacent ice, which, due to the slowsponds to recent tropospheric air samples (roughly 1900 ppb
bubble enclosure process, should be regarded as replicatéds) of about 6 mL (STP) or about 500 pmol of pure £H
as well. Moreover, there seems to be some variability in theln contrast, 30 mL (STP) samples with recent tropospheric
averagesD(CH,) value on the metre depth scale, which is CHa concentration can be determined with a precision of
unexpected given the wide age distribution of the air bub-better than 1%.. Compared to our old set-Wn¢k et al,
bles, which quite effectively smoothes out multi-annual at- 20103, this translates into improvement factors for sample
mospheric variability. Whether this is due to an incomplete Size (350 g)/(500 g) and precision (2.3 %o)/(3.4 %) of 0.7.
understanding of the bubble close-off process in this core, re- We note, however, that the high standard in accuracy and
flects limited potential in situ Cliformation Rhodes et a).  Precision for such small samples is achieved at the cost of
2013 or remains just statistical coincidence requires furthersample throughput; typically we can measure eight standards
dedicated studies in the future using an identical measureln addition to at most two ice core samples or four atmo-
ment system. spheric samples a day.

Mean values for WAIS (Antarctica) and B30 (Greenland) We showed that the accuracy of systems without
from similar (pre-industrial) time periods (around 410 and Pre&postPT and subsequent chromatographic separation can
670 a BP, respectively) are73.0 and—91.5 %.. This differ-  be potentially biased depending on pyrolysis efficiency and
ence of 18.5 %o with a combined error of 1.9 %o (determined varying methane/krypton ratios in samples and the reference.
as above) can be largely explained by the expected interpoldriowever, for atmospheric samples (ice and tropospheric air
difference insD(CHa), which can be explained by the geo- Samples), the updated method did not measurably change in
graphical distribution of Ciisources with differentD(CH,)  terms of accuracy ofD(CHa) values compared to our initial
signature in combination with the inter-hemispheric air massset-up described iBock et al.(20103.
exchange and the lifetime of Gtof the order of 810 years. ~ We propose that water produced in situ in the ion source
It is beyond the scope of this article to discuss the biogeo©f the mass spectrometer from hydrogen plus oxygen-
chemical implications of this finding, but we note that the in- containing background species may be an important factor
terpolar difference derived from our measurements is in line@ffecting precision and accuracy & measurements. In our

with earlier work Sowers201Q Quay et al, 1999. case we take advantage of simple chromatograms and regu-
lar injections to ensure identical background levels for each

sample or reference peak.
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Appendix A: Correction for system drifts and signal occur on timescales of weeks to months, the size of the drift

dependency (linearity) within a day is usually small. Accordingly, our software al-
lows for the calculation 08D(CHj,) values with or without

In order to calibrate samples measured on any isotope sysg diurnal drift correction (the latter is usually our preferred

tem, it is essential to compare samples to standard measureetting). The Theta functiom®, is zero if its argument is 0

ments that are sufficiently stable in time and match the samand one if its argument is 0. This efficiently allows for the

ple size, or to correct for any drift and signal dependency.determination of the drift for each single measurement day

As amount effects alter isotopic results simultaneously within the program code. To discriminate between two consecu-

(time) drift effects, both errors should be corrected at thEtive |ab0ratory daysAt is defined as 0.4 days_ The number

same time and not consecutively. A decoupling of the cor-of standard data points for each day should be greater than or

rections is only possible when standards of constant peakqual tom.

size are measured to monitor the time trends only. Effects The second term represents the drift of the reference values

of signal dependency can be assessed by performing stametween days. The mean isotopic reference signatures of all

dard runs of different peak sizes; however, this is quite time-days are assumed to Change ina stepwise linear fashion:
consuming. Hence, we present an approach which allows

for simultaneous corrections of system drifts and signal de- drift L _ _
pendency effects. For optimum conditions we choose sizef2 () = Y mit+n)OF — O — 1), (A5)
matching and bracketing standards for individual samples i=1

and pool standards measured over several days (assumir\)%emml_ quantifies the slope ang the intersection with

constant signal dependency over this time period) to Coveknhe ordinate on measuring dayandL is the number of all

the samples’ size range. To correct for both signal depenyeasurement days.

dency and drift effects, we use the following approach. Slope and intersect for each dawre calculated with re-
Any measured isotope valuX™@%is composed of the  gpect to the previous day- 1.

true values X", any signal dependency, which is a function

of peak area4, and a drift correction, which is a function of ti—ti1
time, t: i = i i (A6)
" [oXe= fin (A | - [sXM5S= (A |
true _ meas__ clin __ drift _
sx"e=5x A — M. G [5 Xmeas_ flin( A,-)] —miT. (A7)
In the following, signal dependency is characterized by )
a polynomial of ordew: Influences of_ signal dependency havg to be_ cor_rected for be-
fore calculating the mean standard isotopic signal of each
) N day.
Ay = anA"- (A2) We can express all quantities given in E41] as func-
n=1 tions of peak aread, and isotopic signatur&X™M¢a8Sat each

point measured at time, The true value of the standard
s§XU€ s known. Thus, Eg.A1) can be used to fit all mea-
At gy = fldrift (1) + fzdrift (t). (A3) sured data points. The fit parameters determine both the sig-
nal dependency and the drifts during and between days and
The first term is a drift over the course of a day, which is are found by minimizing the standard deviation of all drift
fitted to a polynomial of orded: and signal dependency corrected standard values. The fitted
parameters are then used to ultimately calibrate the samples.
- M m _ _ Our routine is written in Pythormfww.python.org. The
M@0 =3 "0~ — ADO(TG + Al =0, (Ad) o) optimization uses the function scipy.optimize.fmin().
m=t Figure3a and b are produced by our routine and show un-
which is a function of time. Here,t; represents the time dur- calibrated and calibrated data, respectively. Each subfigure
ing dayi at which the current sample was measured. Thusshows signal dependency in the left panel and time drift in
1; describes the mean measurement time of all samples medhe right panel (using the same data in the two panels).
sured during one day. Since temporal system drifts typically

System drift is decomposed into two additive terms:
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