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Abstract. A new technique for on-line high resolution iso- offers, i.e. simultaneuous measuremens§0 andsD, po-9
topic analysis of liquid water, tailored for ice core studies tentially in combination with chemical components that@re
is presented. We built an interface between a Wavelengthraditionally measured on CFA systems, notable redugtion
Scanned Cavity Ring Down Spectrometer (WS-CRDS) pur-on analysis time and power consumption, we consider d as
chased from Picarro Inc. and a Continuous Flow Analy-an alternative to traditional isotope ratio mass spectrometry
sis (CFA) system. The system offers the possibility to per-with the possibility to be deployed for field ice core studigs.
form simultaneuous water isotopic analysissé#O andsD We present data acquired in the field during the 2010 se§son
on a continuous stream of liquid water as generated from as part of the NEEM deep ice core drilling project in Nogh
continuously melted ice rod. Injection of sub ul amounts of Greenland. 5
liquid water is achieved by pumping sample through a fused
silica capillary and instantaneously vaporizing it with 100 %
efficiency in a home made oven at a temperature of°T70

A calibration procedure allows for proper reporting of the 1

data on the VSMOW-SLAP scale. We apply the necessar . . )
corrections based on the assessed performance of the systﬁan lar 'Cf core regords prov;di some of the most detailed
regarding instrumental drifts and dependance on the Wate\{gi\;vs rzsgﬁftiinl\g:ogmgptta\l/i: ?2265 dgfat(s)uigoaoso?h)g%:l:
concentration in the optical cavity. The melt rates are moni—t . pt N q[ P d % d()j/ d chemical | e
tored in order to assign a depth scale to the measured isotoplgr ISotopic composition and embedded chemical IMpurtues.
profiles. Application of spectral methods yields the com- ne.of th_e mos_t mpqrtapt features of Ice cores as clirpate
bined uncertainty of the system at below 0.1 %. and 0.5 %oarchlves, IS t_helr continuity af‘d the potential fo_r high tegn-
poral resolution. Greenland ice cores are particularly ¥ell

for 5180 andsD, respectively. This performance is compa- ited for high resolution paleoclimatic studies. b Sl
rable to that achieved with mass spectrometry. DispersionSu edor high resolution paieoclimatic studies, becausere

of the sample in the transfer lines limits the temporal reso—f’mvely high snow accumulation rates allow seasonal chagges

. . . e
lution of the technique. In this work we investigate and as-"" Proxy data to be identified more than 50 000yr in the Rast

sess these dispersion effects. By using an optimal filterin Johnsen et al1992 NGRIP members2004). @

method we show how the measured profiles can be corrected The iS%tOF;iC sighna:;sre of polfr Erecipita;ig n, clamrr(oﬁ‘ly
for the smoothing effects resulting from the sample disper-expresse through thé notatiort (Epstein 1953 Mook, =

sion. Considering the significant advantages the technique Lisotopic abundances are typically reported as deviatio% of

a sample’s isotopic ratio relative to that of a reference water g.g.
VSMOW) expressed in per mil (%o) through tldenotation: §' = »
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2532 V. Gkinis et al.: On-line water isotope analysis of ice cores

2000 is related to the temperature gradient between theavailable with a precision comparable to IRMS systehis (
evaporation and condensation sibafisgaardl964 and has et al, 2008 Brand et al.2009. These units typically receive
so far been used as a proxy for the temperature of the cloud & continuous stream of water vapor and offer ease of use and
the time of condensatiodguzel and Merlivatl984 Jouzel  portability.
etal, 1997 Johnsen et §12001). One step further, the com-  The analysis of another set of ice core proxies, that of
bined signal ofsD and §*80 commonly referred to as the chemical impurities, has similarly been an elaborate pro-
deuterium excess (hereaftegdd constitutes a useful pale- cess, traditionally performed with liquid chromatography
othermometer tool. Via its high correlation with the temper- techniques. With the advent of Continuous Flow Analy-
ature of the evaporation sourcégofinsen et §11989, it has  sis (heareafter CFA) from continuously melted ice core seg-
been used to resolve issues related to changes in the locasents, the measurement of chemical impurities has reached
tion of the evaporation siteCuffey and Vimeux2001, Ka- the point of largely exploiting the high resolution available in
vanaugh and Cuffgy2002. A relatively recent advance in the core while it is often performed in the fiel8igg et al,
the use of water isotope ratios as a direct proxy of firn tem-1994 Rothlisberger et al200Q Kaufmann et a.2008. The
peratures, has been introducedd@hnsen et a[2000. As- continuous, on-line nature of the technique has resulted in
sessment of the diffusivity of the water isotopologues in thea considerable reduction in sample preparation and process-
porous medium of the firn column can yield a temperatureing times. RecentlySchipbach et al(2009 demonstrated
history, provided a dating model is available. the measurement of GHmixing ratios in an on-line semi
The measurement of water stable isotopic composition iscontinuous mode with the use of a gas chromatograph com-
typically performed off-line via discrete sampling with tra- bined with a pulsed discharge and a thermal conductivity de-
ditional isotope ratio mass spectrometry (hereafter IRMS).tector.
While high precision and accuracy can routinely be achieved Here, we demonstrate the ability to perform continuous
with IRMS systems, water isotope analysis remains an elabomeasurements of water isotope ratios from a stream of water
rate process, which is demanding in terms of sample preparasapor derived from a continuously melting ice rod by cou-
tion, power consumption, sample size, consumables, isotoppling a commercial IR spectrometer to a CFA system via
standards and carrier gases. The analysis of a deep ice cosepassive, low volume flash evaporation module. In the fol-
at its full length in high resolution (typically 2.5 to 5cm per |owing, we assess the system’s precision, accuracy, and ef-
sample) requires the processing of a vast amount of wateficient calibration. We then comment on issues related to
samples and can take years to complete. Additionally, theseample dispersion in the sample transfer lines, the evapora-
procedures often come at the expense of not fully exploitingtion module and the optical cavity of the spectrometer itself
the temporal resolution available in the ice core. in order to determine the expected smoothing imposed on the
Laser spectroscopy in the near and mid infrared region hagcquired data sets. Finally, isotopic analysis of ice core sam-
been demonstrated as a potential alternative for water isotopgles from the NEEM deep ice core are presented and com-
analysis, presenting numerous advantages over IRE® ( pared to measurements performed in discrete mode.
stel et al, 1999 Kerstel 2004. A major advantage of the
technique is the ability to directly inject the sampled water
vapour in the optical cavity of the spectrometer where both2 Experimental
isotopic ratios'80/*%0 and?H/*H are measured simultane-
uously. In contrast, in the most common IRMS techniques2.1 Continuous flow analysis
water is not measured as such, but has to be converted to
a different gas prior to measurement. B&fO analysis, the In the system described here, (Fi.an ice rod measur-
CO, equilibration methodEpstein 1953 has been widely ing 3.2x 3.2x 110cm (hereafter CFA run) is continuously
used, whereasD analysis commonly involves the reduction melted on a copper, gold-nickel coated melter at a regu-
of water to hydrogen gas over hot uraniuBigeleisen eta).  lated temperature of Z@. The concentric arrangement of
1952 Vaughn et al. 1998 Huber and Leuenberge?003, the melter’s surface facilitates the separation of the sample
or chromium Ghere et a].1996. However, the combined that originates from the outer and inner part of the core. Ap-
use of these two methods rules out simultaneous analysis gfroximately 90 % of the sample from the inner part is trans-
both water isotopologues on a given sample. More recentlyfered to the analytical system by means of a peristaltic pump
in combination with the use of continuous flow mass spec-with a flow rate of 16 ml min®. This configuration provides
trometers, conversion of water to CO and id performed  an overflow of~10 % from the inner to the outer part of the
in a pyrolysis furniceBegley and Scrimgeout997 and al-  melter and ensures that the water sample that is introduced
lows simultaneousD and §180 measurement, but still on into the analytical system is not contaminated.
a single discrete sample. One of the drawbacks of this tech- A stainless steel weight sitting on top of the ice rod en-
nique is the interference of NO , formed at the ion sourcehances the stability and continuity of the melting process.
by the reaction of Mand @ with the CO signal ain/z=30 An optical encoder connected to the stainless steel weight,
(Accoe 2008. Nowadays, commercial IR spectrometers arerecords the displacement of the rod. This information is used
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Fig. 1. Block diagram of the CFA-CRDS system.

to accurately define the depth scale of the produced watecavity at a temperature of 8C. The high signal to noise
isotope data. Breaks in the ice rod are logged prior to theratio achieved with the Cavity Ring Down configuration in
melting process and accounted for, during the data analysisombination with fine control of the environmental parame-
procedure. ters of the spectrometer, result in a performance comperable
Gases included in the water stream originating from the airto modern mass spectrometry systems taylored for water sta-
bubbles in the ice core are extracted in a sealed debubbleble isotope analysis.
with a volume of~300 pl. The melt rate of the present sys- A 6-port injection valve (V2 in Figl) selects sample from
tem is approximately 3.2 cm miid, thus resulting in an anal-  the CFA line or a set of local water standards. The isotopic
ysis time of~35 min per CFA run. During the intervals be- composition of the local water standards is determined with
tween CFA runs, m®water is pumped through the system. conventional IRMS and reported with respect to VSMOW
A 4-port injection valve (V1 in Figl) allows the selection standard. A 6-port selection valve (V3 in Fit).is used for
between the mQ and sample water. The mQ water is spikethe switch between different water standards. A peristaltic
with isotopically enriched water containing 99.8 atom % deu-pump (P3 in Figl) in this line with variable speeds, allows
terium, Cortecnet Inc.) in a mixing ratio ef1 ppm. In this  adjustment of the water vapor concentration in the spectrom-
way a distinction between sample and mQ water is possibleeter’s optical cavity, by varying the pump speed. In that way,
facilitating the identification of the beginning and end times the system’s sensitivity to levels of different water concen-
of a CFA run. tration can be investigated and a calibration procedure can
For further details on the analysis of chemical compo-be implemented. We use high purity Perfluoroalkoxy (PFA)
nents or the extraction of gases for greenhouse gas measungthing for all sample transfer lines.

ments the reader is refered Kaufmann et al(2008 and Injection of water sample into the evaporation oven takes
Schipbach et al(2009. place via a 40 um fused silica capillary where immediate

) and 100 % evaporation takes place avoiding any fractionation
2.2 The water isotope measurement effects. The setpoint of the evaporation temperature is set to

. . 170°C and is regulated with a PID controller. The amount
We follow the same approach as previously presented in . .

- . . : of the injected water to the oven can be adjusted by the pres-
Gkinis et al. (2010 by coupling a commercially available

. . sure gradient maintained between the inlet and waste ports
Cavity Ring Down IR spectrometer (hereafter WS-CRDS) it (i )
purchasecd from Picarro Inc. (Picarro L1102-Qrésson of the T1 tee-split (Figl). The latter depends on the ratio of

2008. The spectrometer operates with a gas flow rate Ofthe inner diameters of the tubes connected to the two ports as
: bec 1 pere hag -~ well as the length of the waste line. The total water sample
30 standard mlmin*. In the optical cavity the pressure is

. . ) nsumption is¢0.1 ml minr! maintain he peristalti
regulated at 47 mbar with two proportional valves in afeed—CO sumption is<0 aintained by the peristaltic

back loop configuration up- and down-stream of the opticalpump PZ. (Fig. 1). For a Fjetaﬂed description of the sample
preparation and evaporation module the reader may reffer to

%filtered and deionized water with a resistivity more than Gkinis et al.(2010. A smooth and undisturbed sample de-
18.2 M2 cm and a total organic content less than 10 ppb. livery to the spectrometer at the levela20 000 ppm results
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o T T cavity. To a good approximation ¢80 andsD signals
2 M M \ M ‘V \ ﬂ M show a linear response to differences in water concentrations
5 Wy TR L il ‘W LT A around 20 000 ppm\Brand et al, 2009 Gkinis et al, 2010).

A A0 B VIR W A correction is performed as:
320 4 )
T AS =a(Rp0—1) @)
L " Here Roo = 11290 015 = 1.94%0 andap = 3.77 %o as es-
2 ] timated in Gkinis et al.(2010. The estimation of these
& '“M\/M\”W values has been performed several times during the period

o] July 2009-October 2011. Based on compiled data from

S S S 6 calibrations we can report that these values do not appear
E i ‘ to be drifting in the course of the two years. The values re-
2 8 ported here are the ones estimated chronologically closer to

2 4 e & W 2z w 1w @ @ =z 2 =x0  the measurements we present here. These values are most
et likely instrument specific and should be used with caution
for other analyzers. We typically operate the system in the
area of 17 000-22 000 ppmv in which we observe no impact
of the water concentration level on the precision of the iso-
in optimum performance of the system. Fluctuations of thetopic signal. The mean and standard deviation of the wa-
sample flow caused by air bubbles or impurities are likely ter concentration signal in the course of aprroximately 7 h as
to result in a deteriorated performance of the measuremerfieen in Fig. 2 is 19938306 ppmv. The water concentration
and are occasionally observed as extreme outliers on botRorrection is applied to the raw data, scaling all the isotopic
8180 andsD measurements. The processes that control the/alues to the level of 20 000 ppmv.

occurence of these events are still not well understood. Raw data are expressed in per mil values for bt
andsD and ppmv for the water vapour concentration. These

values are based on the slope and intercept values of the in-
3 Results and discussion — from raw data to isotope strument’s stored internal calibration line. Due to apparent
records instrumental drifts though, the latter are expected to deviate
i _ with time. To overcome this problem we perform frequent
In this study we present data collected in the framework of\,;gp0ow calibrations by using 3 local water standards with
the NEEM ice core drilling project. Measurements were car- a|l known 5180 andsD values measured by conventional
ried out in tht_a field during the.2010 field season and SPaNsotope Ratio Mass Spectrometry combined with a pyroly-
919.05m of ice core (depth interval 1281.5-2200.55m).gjs glassy carbon reactor (Thermo DeltaV=TC/EA). The wa-
Here we ex_empllfy the performance of the system overio, standards are transported and stored in the field using the
a section of ice from the depth interval 1382.152-1398.607 o cessary precautions to avoid evaporation. We used amber
The age of tf;ls section spars4llyr with a mean age 555 hottles with silicon sealed caps. Two of the water stan-
of 10.9kab2k®. The reported age is based on a prelimi- 45145 are used to calculate the slope and the intercept of the
nary time scale constructed by stratigraphic transfer of the gjipration line and the third is used for a check of the linear-
GICCOS time scaleRasmussen et a200g fromthe NGRIP v, anq the accuracy. The frequency of the VSMOW calibra-
to the NEEM ice core. tions depends on the work flow of the overall CFA system.

In Fig. 2we present an example of raw data as acquired by the particular section we present here a VSMOW cali-
the system. This data set covers 7 CFA runs (7.70 m of ice)p ation was performed the same day.

A clear baseline of the isotopically heavier mQ water can be |, Fig 3 we illustrate this calibration. Based on the mea-
seen in between CFA runs. At 1.9x 10* s one can observe sured and real values of the standards22” and “—40"

a sudden drop in the signal of the water concentration due t¢e measurement of the “NEEM” standard can be used as
a scheduled change of the mQ water tank. Adjacent 1o this, (et for accuracy and linearity. In Tatlewe present the
boths180 andsD signals present a clear spike, characteristic\,gpow calibrated values of the water standards as esti-
of the sensitivity of the system to the stability of the sample 1\ 5ted with the IRMS system. The slope and intercept of the
flow rates. calibration lines are [1.002-0.007] for 180 and [0.963,
—8.214] forsD. Based on these values one can calculate the
isotopic composition of the “NEEM” standard. The results

- 18
Before any further processing we correct the acquired datd/€ 0Ptain are-33.4%. and-256.99 %o fors OoandSD ore—
for fluctuations of the water concentration in the optical specltgvely. This results in a difference 0108 %o (0.31 %o)
for +°O (D), giving an indication about the accuracy ob-

3thousand years before 2000 AD (ka b2k) tained by the system.

Fig. 2. Raw signals spanning 7 CFA runs on 29 May 2010.

3.1 VSMOW - water concentration calibrations

Atmos. Meas. Tech., 4, 2532542 2011 www.atmos-meas-tech.net/4/2531/2011/
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Fig. 3. VSMOW calibrations with three water standards22”, “—40" and “NEEM”; Left —3D, right -5180,

Table 1. Isotopic composition of the standards used for the VS- a_nor_ninal resplution of Smm. The _inter_pol_ated sections are
MOW calibrations in %o. highlighted with gray bars. Their width indicates the length
of the gaps.

—22 NEEM —40

3.3 Noise level — comparison with discrete data
5180 219 -33.44 -39.97
sb  -168.4 -257.3 310 An estimate of the noise level of the measurements can be

obtained from the appropriately normalized power spectral
density of the time series. Using th&0 andsD data of the

3.2 The depth scale section under consideration, we implement an autoregressive
spectral estimation method developedByrg (1975 by the

The melting process is recorded by an optical encoder conuse of the algorithm introduced bndersen(1974. The

nected to the top of the stainless steel weight that lies ororder of the autoregressive modelis= 300. The standard

top of the ice rod. The data acquired by the optical en-deviation of the time series will be defined as:

coder allow for a conversion of the measurement time scale ,

to a depth scale. In order to locate the beginning and en%z:/‘f" W) Rdf @)

of every run we take advantage of the isotopic step observed —f

during the transition between mQ baseline and sample wa-

ter. A smoothed version of the discrete derivative of thewhere the Nyquist frequency ig. = 100 cyclesm?! and

acquired isotope data for bot#80 andsD reveals a local  |7(f)|? can be obtained by a linear fit on the flat high fre-

minimum (maximum) for the beginning (end) of the mea- quency part of the spectrum (Fi§). By performing this

surement (Fig4). The logged depth of the top and the bot- analysis we obtaifg = 0.055 %0 andop = 0.21 %o.

tom of the CFA run is assigned to these points. Data that lie In order to validate the quality of the calibrations as well

in the transition interval between mQ and sample water areas the estimated depth scale we compare the CFA data with

manually removed from the series. Additional breaks within measurements performed in a discrete fashion using the

a CFA run that can possibly be created during the drilling orsame WS-CRDS spectrometer in combination with a sam-

processing phase of the ice core, are taken into account at thyle preparation evaporator syste@upta et al. 2009 and

last stage of the data analysis. If necessary and depending @n autosampler. The discrete samples are cut in a resolution

their size, the gaps can be filled by means of some interpoef 5cm. The sample injection sequence takes into account

lation technique. Here, due to the small size of the gaps wepparent memory effects and results are reported on the VS-

use a linear interpolation scheme. The use of more advancedOW scale by appropriate calibration using local water stan-

methods is also possible but is out of the scope of this workdards. The results are illustrated in Féyfor 180 andsD.

The processed profiles presented in Bigire reported with  The comparison of the data sets demonstrates validity of the

www.atmos-meas-tech.net/4/2531/2011/ Atmos. Meas. Tech., 4, 25322011
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1977, Whillans and Groote4 985 and can be well described
and quantified provided that a good estimate of the diffusiv-
‘ ‘ ‘ ‘ : ‘ ‘ s ity coefficient and a strain rate history of the ice core site are
1383.0 1384.0 1385.0 1386.0 1387.0 1388.0 1389.0 .
Depth [m] available Johnsen et 812000. The process ceases when the
porous medium is closed-off and the diffusivity of air reaches
Fig. 4. The beginning and end of each CFA run is determined by zero at a density o£804 kg nm 3. Deeper in the ice, diffusion
the extrema of the 1st derivative of the isotopic signal, presented omwithin the ice crystals takes place via a process that is con-
the top graph. With gray bars we indicate the position and widthsiderably slower when compared with the firn diffusion. At
of sections with data that are missing due to breaks in the ice, o temperature 0f30°C the diffusivity coefficients of these

removed in order to account for the transition from mQ water 1o processes differ by 4 orders of magnitudernsen et al.
sample and vice cersa. 2000

(%] 0, ¢

Assuming an isotopic signa}y for the precipitation, the
o i total effect of the diffusive processes, in-situ and experimen-
fqllowe_d calibration procedures. _The benefits of the teCh'taI, can be seen as the convolutiorsgz) with a smoothing
nique in terms of achieved resolution can be seen when on Iter Guor

compares the two datasets over isotopic cycles with relatively

small amplitude and higher frequency. Such an example can 00

be seen at the depth of 1390.5 m where a sequence of 4 cyclés(z) = f Spr(T)Gtot(z — T)dT = [Spr* Grotl (2) (3)

is sampled relatively poorly with the discrete method when o0

compared to the on-line system. This performance can bengyneres,(z) is the measured signal ane) denotes the con-

fit studies that look into the spectral properties of the signalsq|tion operation. Since instrumental and in-situ fir-ice

by providing better statistics for the obtained measurementsitfysion are statistically independent, the variance of the to-
tal smoothing filter is the sum of the variances of the in-situ

3.4 Obtained resolution — diffusive sample mixing and experimental smoothing filters (hereafigs, ofin, Gcfas
Ocfa)-

One of the advantages of the combined CFA-CRDS tech-

nique for water isotopic analysis of ice cores lies in the po-at%t:(,ﬁ%n +Uc2fa (4)

tential for higher resolution measurements relative to discrete

sampling. However, diffusion effects in both the liquid and It can be seen that any attempt to study firn and ice diffusion

the vapor phase are expected to attenuate the obtained resgy means of ice core data obtained with an on-line method

lution. similar to the one we present here, requires a good assesment
Attenuation of the initial signal of the precipitation occurs of the diffusive properties of the experimental system. The

also via a combination of in situ processes that take placdatter is possible if one is able to estimate the variance of the

after deposition. The porous medium of the firn column al- smoothing filterGesa expressed by the variantatg?fa (here-

lows for an exchange of water molecules in the gas phasafter diffusion length). One way to approach this problem

along the isotopic gradients of the profile. For the case of po-is to measure the response of the system to a step function.

lar sites, this process has been studied extensidelynsen  Ideally, in the case of zero diffusion, a switch between two

Atmos. Meas. Tech., 4, 2532542 2011 www.atmos-meas-tech.net/4/2531/2011/
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w w A nominal melt rate of 3.2cmmint is used for all the cal-
culations presented here. We focus our analysis orsEhe

1= signal. The same approach can be followed §H0. In
I Fig. 7b we present the calculated impulse response of the
W 1 -280 system. The latter can be well approximated by a Gaussian

type filter described as:

%l ae

-1-300

1 2z,

7)= ————¢ “’cfa 9

|- gcfa( ) octa @ ( )

/ The diffusion length ternvesy is equal to 131+ 0.17 mm
|30 (10) as calculated with the least squares optimization.

40k | | ! ! ! ! ! The transfer function for this filter will be given by its
1953 I TS T Fourier transform, which is itself a Gaussian and is equal to
(Abramowitz and Steguri964):
Fig. 6. Comparison CRDS-CFA with 5 cm discrete samplessior )

Z 2.2
(top) ands180 (bottom). Bars indicate the position and width of g G i/o" L g S
sections with missing/removed data. Sl0ea(e)] =Gera 21 | _oo octan/ 2 ¢ ¢ € (10)

wherek = % andx is the wavelengthof a harmonic of the

isotopic levels would be described by a scaled and shiftedsotopic signal. Harmonics with an initial amplituce and

version of the the Heaviside unit step function as: wavenumbek will be attenuated to a final amplitude equal
to:
I K& z<0
On@) = { ClH@+C2 220 ®) 202,
= Age” 2 (11)

where the isotopic shift takes place a0, H(z) is the

Heaviside unit step function ar@, andC refer to the am- An estimate of the transfer function based on the data and
plitude and base line level of the isotopic step. Convolutionthe cumulative distribution model is presented in Bigblue

of the signal of Eq.%) with Gcra and subsequent calculation and pink curve, respectively). As seen in this plot, cycles

of the derivative yields, with wavelengths longer than 25cm experience negligible
dém  d&H dH attenuation, whereas cycles with a wavelength of 7cm are
d_Z = d_z *Gefa= Clw * Geta= C10Dirac* Ucta (6) attenuated by 50 %.

Thus the derivative of the measured signal, properly normal- The step response approach has been followed in the past

ized, equals the impulse respone of the system. Applying th for on-line chemistry data. In some studies sucBigg et al.

Fourier transform, denoted by the overhead hat symbol, ir?lggly and Rasmussen et a[2009, the resolution of the

. . experimental system was assessed via the estimation of the
Eqg. 6), and by using the convolution theorem, we deduce . S
A ) transfer function. In other studieR@thlisberger et al]200Q
the transfer functiojcs, of the system:

- Kaufmann et al. 2008, the characteristic time in which
ddm _ Cidbiac. Cotae C1-C ) a step reaches a certain level (typicalljj¢)Lwith respect to
— ~1%Dirac" ¥efa = &1 Hcfa its final value, is used as a measure of the obtained resolu-

dz
In the case of the system presented here, an isotopic transiion Of the system. A common weakness of this approach

tion can be observed when the main CFA valve (V1 in Ejg. as applied in the current,_ as well as prev!ogs studies, i.s that
switches between mQ water and sample at the beginning anlf IS Pased on the analysis of a step that is introduced in the
the end of each CFA run as shown in Fig.By using these analytical system by swnchln'g a valve that is typl'cally situ-

transitions we are able to construct isotopic steps and estited downstream of the melting and the debubbling system.

mate the impulse response of the system. Such an isotopicOnsequently, the impact of these last two elements on the
step is illustrated in Fig7a. We fit the data of FigZa with smoothing of the obtained signals is neglected. In this study,

a scaled version of the cumulative distribution function of this is the valve V1 in Figl. .
a normal distribution described as To overcome this problem we will present here an alterna-

c tive way, based on the comparison of the spectral properties
-z r r ) .

Smodel(2) = —L | 1+erf 0 +Ch 8) of the on line CFA data and the pff line discrete data in5cm
2 ostep\/i sampling resolution, presented in Sect. 3.2. In this approach

The values ofC}, C3, zo andostep are estimated by means  4jere the term wavelength refers to the isotopic signal in the ice
of a least square optimization and used accordingly to norand should not be confused with the wavelength of the light emitted
malize the length scale and the isotopic values of the stephy the laser diode of the spectrometer.
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the diffusion length of the total smothing filter for the off-line 02, = 02,, + 02em+02a (13)
discrete analysis will be:

) 5 ) From Egs. {2) and (L3) we get:

Ooff = Ofirn T 5cm (12) P 2 P
Oc¢ta™ %on— Ooff (14)
whereagcm is the diffusion length of the smoothing imposed
by the sample cutting scheme at a 5 cm resolution. If one avAS a result, the term, — o is directly related to the diffu-
erages the on-line CFA data at a 5cm resolution by mean§ion length of the smoothing filter of the whole CFA-water
of a running mean filter, the diffusion length of the total isotope system including the melting and debubbling sec-
smoothing filter for the on-line CFA measurements averagedions. Based on Eql(), the power spectral density of the
on a 5cm resolution will be: signals will be:
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T T T isotopic signals. In the presence of measurement ngise

this approach will fail due to excess amplification of the high

frequency noise channels in the spectrum of the signal.
Hereby we use the Wiener approach in deconvoluting the

acquired isotopic signals for the diffusion that takes place

1 ] during the measurement. Considering a measured isotopic
1000 2000 3000 signa|

K2 [rad2 cycles2 m'z)

2

Power Spectral Density [%o m]

W A o o~N®
T

8m(2) =8m(2) +n(2) (18)

an optimal filterp(z) can be constructed that when used at
the deconvolution step, it results in an estimate of the initial
SRS isotopic signal described as:

T

w b O o~N®

I - 1 (% 8mk) . a0
L 8i(z) =— ——@k)e'"*dk (19)
2 2 ) G
| | |
0 1000 2000 3000 Assuming tha#/,(z) andn(z) are uncorrelated signals, the
K [rad’cycles’m™] optimal filter is given by:
Fig. 9. Calculation of the diffusion length for the transfer function .\ _ 18 (k)12 (20)
of the CFA system. The dashed and solid lines represent, respeéZz - |‘§§n(k)|2+ 171(k)|2
tively the power spectral density of the offline discrete data and the
CFA data averaged on a 5 cm resolution. (Wiener, 1949; where |5/,(k)|? and |/ (k)| are the power

spectral densities of the signals(z) andn(z).
122 In the same fashion as in the previous sectior) we assume
P = Poe (15) that the spectrum of the noise free measured sighk)|?,
is described by Eq.16) whereo? = ¢2,. Regarding the
noise, we assume red noise described by an AR1 process.
SThe spectrum of the noise signal will then be described by
(Kay and Marple1981):

P P
n (P_ff) _in ( P°°ff) o2 A6) o Hhs (21)
on Oon 7 B |14 arexp(—ikAz)|?

whereo? refers in this case to2, or 6%. Combining the

power spectral densities of the on-line and off-line time serie
we finally get:

Hence, the logarithm of the ratiByss/ Pon is linearly related 5 ) _ _ .

to k2 with a slope equal to2,. In Fig. 9 we perform this wherea; is the variance of the noise and is the coeffi-

analysis forsD and by applying a linear fit we calculate the cient of the AR1 process. We vary the pe;ramAetfﬁ;ﬁz Po,

octal D] to be equal to 1@+2.4mm. In a similar manner o, a@nday so that the sumdm(k)|” = |op, (k)| + 17 (k)| fits

octal 018] is found to be equal to 18+2.3 mm. the spectrum of the measured signal. The set of parameters
The higher value calculated with the spectral methodthat results in the optimum fitis used to calculate the optimal

points to the additional diffusion of the sample at the melterfilter. _ _ .

and debubbler system that could not be considered in the The constructed filters together with the transfer functions

analysis based on the step response. The impulse respondtt were calculated based on the two different techniques

of the system based on the updated Va|uec?%ﬁs presented Outlined in Sect3.4 are illustrated in Fig8. One can ob-

in Fig. 6. serve how the restoration filters work by amplifying cycles
with wavelengths as low as 7mm. Beyond that point, the
3.5 Optimal filtering shape of the optimal filter attenuates cycles with higher fre-

guency, which lie in the area of noise. An example of decon-
In the ideal case of a noise-free measured sighét) and  volutedsD data section is given in Fig.0. It can be seen that
provided that the transfer functioiesa is known, one can the effect of the optimal filtering results in both the amplifi-
reconstruct the initial isotopic signél(z) from Eq. @) as: cation of the signals that are damped due to the instrumental

R diffusion, as well as in the filtering of the measurement noise.
1% 8k 4
0i(z) = — ————e'"*dk
21 )0 G (k)

where the integral operation denotes the inverse FourieCombining §180 and D gives the deuterium excess as
transform andk = % with 1 being the wavelength of the Dys=8D — 85180 (Craig et al, 1963 Mook, 2000. The

17) 3.6 Information on deuterium excess
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Fig. 10. 6D signal before and after optimal filtering. Fig. 11. 8180, 6D and Dys signals after the optimal filtering. For
_ _ _ the Dys we present the signal before (light green) and after (black)
noise level of the i signal can be calculated by the esti- the filtering. Gray bars indicate the position and width of sections

mated noise levels @80 andsD as: with missing/removed data.
0D = /08 +64- 2, = 0.48 %o (22)  0.5% for §180, sD and D, respectively. This perfor-

As seen in Figl1l, the Dy signal presents a low signal to Mance is_ compa_rable to, or_better than the perfo_rman_ce typi-
noise ratio. In this case, the technique of optimal filtering canc@lly achieved with conventional IRMS systems in a discrete

effectively attenuate unwanted high frequency noise compo™ede- _ , o

nents, thus reveiling a “clean”@signal. Based_on the isotopic step at the beginning of each C!:A
The latter offers the possibility for the study of abrubt tran- "IN the impulse response, as well as the transfer function

sitions as they have previously been investigatet}$0, 5D of the system can be estimated. We show how this method

and Dy time series from discrete high resolution samplesd0€s not take into account the whole CFA system, thus un-

(Steffensen et a12008. The on-line fashion in which these derestlma'gng the s_ample qmusmn that takes place from the

measurements are performed has the potential to yield ndfelter until the optical cavity of the spectrometer. We pro-

only higher temporal resolution but also better statistics forP0Sed a different method that considers the power spectrum
those climatic transitions. of the CFA data in combination with the spectrum of a data

set over the same depth interval measured in a discrete off-

line fashion. The use of the optimal filtering deconvolution
4 Summary and conclusions technique, provides a way to deconvolute the measured iso-

topic profiles for apparent sample dispersion effects.
We have succesfully demonstrated the possibility for on-line  The combination of infrared Spectroscopy on gaseuous
water isotopic analysis on a continuously melted ice coresamples with continuous flow melter systems provides new
sample. We used an infrared laser spectrometer in a cavityossibilities for ice core science.The non destructive, contin-
ring down configuration in combination with a continuous yous, and on-line technique offers the possibility for analysis
flow melter system. A custom made continuous stream flasfyf mytiple species on the same sample in high resolution and

evaporator served as the sample preparation unit, interfacingrecision and can potentially be performed in the eld.
the laser spectrometer to the melter system.
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the measurements to the VSMOW scale. Additionally, de-for supporting our research. Numerous drillers, core processors
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tion for assigning a depth scale to the isotope measurementg.OSSible' Bruce Vaughn and James White have contributed to this
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calculated depth scale by comparing the CFA measurement§y,aet and Climate Evolution (MRTN-CT-2006-036127).
with measurements performed on discrete samples in 5¢cm

resolution. Edited by: P. Werle
By means of spectral methods we provide an estimate of

the noise level of the measurements. The combined uncer-

tainty of the measurement is estimated=41.06, 0.2, and
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