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Abstract. A new online method to analyse water isotopes speleothem fluid inclusions and secondarily on the isotopic
of speleothem fluid inclusions using a wavelength scannedomposition of the sample. The results show that WS-CRDS
cavity ring down spectroscopy (WS-CRDS) instrument is technology is suitable for speleothem fluid inclusion mea-
presented. This novel technique allows us simultaneouslysurements and gives results that are comparable to the iso-
to measure hydrogen and oxygen isotopes for a releasetbpe ratio mass spectrometry (IRMS) technique.

aliquot of water. To do so, we designed a new simple line

that allows the online water extraction and isotope analysis

of speleothem samples. The specificity of the method lies in

the fact that fluid inclusions release is made on a standard wal ~ Introduction

ter background, which mainly improves th® robustness.

To saturate the line, a peristaltic pump continuously in- Speleothems are being used more and more for paleoclimate
jects standard water into the line that is permanently heatedeconstructions due to their widespread occurrence and po-
to 140°C and flushed with dry nitrogen gas. This permits in- tential to deliver precisely dated and highly resolved climatic
stantaneous and complete vaporisation of the standard watdi€cords covering very long time intervals (e.g. Cheng et al.,
resulting in an artificial water background with well-known 2009; Badertscher et al., 2011). To date, the vast majority
8D ands'80 values. The speleothem sample is placed in a0f speleothem-based paleoclimate reconstructions are based
copper tube, attached to the line, and after system stabilis&@n 0xygen isotopesf®0) measurements on calcite. How-
tion it is crushed using a simple hydraulic device to liberate €ver, their interpretation remains difficult as they can be influ-
speleothem fluid inclusions water. The released water is carénced by several and sometimes competing climatic and non-
ried by the nitrogen/standard water gas stream directly to limatic factors (Lachniet, 2009), such as changes in season-
Picarro L1102-i for isotope determination. To test the accu-ality of rainfall, varying cave air temperatures and evapora-
racy and reproducibility of the line and to measure standardion. Fluid inclusions are common in speleothems (0.05 to
water during speleothem measurements, a syringe injectioR-2 Weight %) and are natural repositories of cave drip water
unit was added to the line. (Scheidegger et al., 2010). Therefore, the hydrogér) énd

Peak evaluation is done similarly as in gas chromatogra©Xygen §'0) isotopic composition of fluid inclusions con-
phy to obtains D and §80 isotopic compositions of mea- tains direct information on the isotopic composition of pale-
sured water aliquots. Precision is better than 1.5%wstor  Oprecipitation (Dennis, 1997; Baker and Bradley, 2010) and,
and 0.4 %o fors180 for water measurements for an extended When combined with isotopic analyses of speleothem calcite,
range (210 to 0% forsD and —27 to 0% for §180) it can be used to calculate either paleotemperatures (McGarry

primarily dependent on the amount of water released fron€t al., 2004; Tremaine et al., 2011) or to reveal changes in
the source of moisture (Fleitmann et al., 2003). However,
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1292 S. Affolter et al.: New online method for water isotope analysis

one must keep in mind that speleothem caléitO val- The second technique is the use of thermal decrepitation
ues are often affected by kinetic fractionation (Mickler et al., at temperatures of around 55 to extract water (Yonge,
2006). It has therefore been suggested to use the empiricdl982). Several studies showed a large fractionation of up
isotope temperature fractionation relationship for cave calto 30 %. for§ D in comparison with parent cave drip waters
cite originating from many different caves that already inher- (Yonge, 1982; Matthews et al., 2000; McGatrry et al., 2004).
ently captures the disequilibrium during the calcite precip- No fractionation is observed when the speleothem sample is
itation (Tremaine et al., 2011). The effects of kinetic frac- heated to a maximal temperature of 2@0(Verheyden et al.,
tionation can be assessed and calculated by comparing caP008).
cite and parent drip water isotop&®O values. Another way Current research focuses on the extraction of fluid inclu-
would be to combine clumped isotopes47) and stable iso- sion water at low temperatures-140°C) with the use of
topes from fluid inclusions to correct for isotopic disequilib- laser spectroscopy as a valuable alternative to the traditional
rium (Daeron et al., 2011; Wainer et al., 2011). Moreover, IRMS detection technique (Arienzo et al., 2013). Measure-
the relationship betwees®O in the atmosphere, drip wa- ments of water extracted from minerals were also achieved
ter and fluid inclusions has been described in close detailising a laser-based technigue (Koehler and Wassenaar, 2012;
by Lachniet ( 2009). Though the potential of isotope mea-Hodell et al., 2012). The use of laser spectroscopy is grow-
surements of fluid inclusion water is now fully recognised, ing rapidly and is now being recognised as a reliable, precise
various analytical limitations (e.g. sample size restrictions,and easy-to-use technique for water isotope analysis as mass
time-consuming analysis, fractionation processes during exspectrometry (Brand et al., 2009), and using it for speleothem
traction of fluid inclusion water) make a wider application of fluid inclusion measurement constitutes a logical extension
this crucial climate proxy difficult. for this technique. Water isotope measurements with laser
The relationship between cave drip water trapped in fluidspectroscopy are nowadays mainly used for continuous at-
inclusions and precipitations was first established by Harmormospheric isotope measurements (Aemisegger et al., 2012)
et al. (1979). Later, it was also shown that cave temperaas well as for discrete water measurements (Brand et al.,
ture generally reflects the mean temperature at the surfacg009).
(Fairchild et al., 2006), so fluid inclusions are consequently We present one of the first applications of the laser ab-
a key parameter for reconstructing continental paleotempersorption technigue to measure fluid inclusion water extracted
atures. More recently, experiments have shown that fluid infrom the speleothem calcite. The particularity of the method
clusions in “pool spar” preserve both the oxygen and hydro-is that the line is always kept under humid conditions as a
gen isotopic composition of parent drip water (Dublyansky water background is continuously generated. To generate the
and Spotl, 2009). It remains to be shown that their findingswater background, a procedure similar to the calibration pro-
are also valid for fluid inclusions of stalagmites. tocol for atmospheric measurement is used (lannone et al.,
To extract water from speleothem fluid inclusions, two dif- 2009; Sturm and Knohl, 2010), and it requires the vaporisa-
ferent techniques have been used in the past three decaddmn of a water standard in a vaporisation system. Compared
(i) the extraction by crushing the sample and (ii) the extrac-to the crushing device of the Amsterdam line (Vonhof et al.,
tion by thermal decrepitation. Originally, investigation of in- 2006), our line is used to investigate whether the removal of
clusions in speleothems using the crushing extraction proceany cryogenic traps prior to the analysis is an advantage.
dure was initiated by pioneering work in the late seventies This paper discusses the technical aspects of the newly de-
(Schwarcz et al., 1976; Harmon et al., 1978; Harmon et al. signed line, the calibration of the laser instrument and the
1979). Dennis et al. (1997) improved the precision for hy- evaluation of the data. Furthermore, it documents the accu-
drogen isotopes of fluid inclusions using the zinc reductionracy and precision of the method for standard and real sample
method and a vacuum crushing device coupled to a cold trapneasurements.
cell. He was the first to introduce a combined oxygen and
hydrogen isotope analysis of fluid inclusions (Dennis et al.,
2001). Since then considerable advances have been made,
particular, in applying online techniques either for the iso- . _
tope analyses of calcite (Smalley et al., 1989) or of water re-2'1 Line description
leased from different archives such as ice cores, speleothem$yo new line consists of basically three units: (i) a wa-

etc. (I.—|uber.and Leuenberger, 2003; Leuenberger and Hube{fe, packground generator for improved instrumental perfor-
2002; Morrison et al., 2001). Analyses of both water is0- mance: (i) a syringe injection unit to allow single injections

topes in a unique measurement were achieved using the Pys smal| aliquots of standard water and (i) a simple home-
rolysis coupled to the IRMS technique and gas chromatogras, 5 4e crushing device.

phy (Gehre et al., 2004; Sharp et al., 2001). More recently,

the same method was adapted and modified to perform suc-
cessful water isotope analysis of speleothem fluid inclusions
(Vonhof et al., 2006; Dublyansky and Spétl, 2009).

?n Method
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— Hesed 1o 140 °Cwith s digitlly - necting lines are all made with Swagelok 1&ainless steel
' (~ 50 ml/min) tubes). The advantages of this design are that the droplets are
. i vaporised instantaneously and formation of large bubbles at
"“;‘:I:i;‘“j ! the tip of the capillary is minimised to prevent a delay in the
_ Dripping device release of water. The temperature (2@) and the pressure
ﬁ—@ Lacer are kept constant inside the line to ensure total and instan-
@ pectrometer taneous vaporisation of the water without isotopic fractiona-
Liquid — tion. The vaporised water is carried along the line by nitro-
sndard ang’; I gen gas. The pump speed can be adjusted in a range of water
(-2em?) [bf s T e O 1RO vapour mixing ratio ranging from-6700 ppmv to the detec-
‘ tion limit of the laser spectrometer (including the purge unit).
e [ Tl The nitrogen pressure has been selected such that the stability
i# & 1 of the water background is enhanced. The water vapour and
e dry nitrogen are mixed homogeneously in the mixing cavity,
_— Ti which has a volume of2 cn® and is placed immediately af-
Copper tube (~11 can Filter ter the injection unit, in order to minimise fluctuations caused
by the peristaltic pump and to improve the stability of the wa-
ter background.
Figure 1. Diagram of the speleothem fluid inclusions water extrac- _As the injected water vapour mixing ratio would b_e too
tion line. high for the sensitivity of the Picarro, a 10cm stainless
steel capillary purge has been added after the mixing cavity,
which releases a-350 mImin! dry nitrogen/water vapour
The whole line, shown in Fig. 1, is flushed with nitrogen mixture. The remaining fraction (650.1 mlmirn 1) passes
gas to transfer the water sample from the crushing device tdhrough the line and yields a stable isotopic background for
the Picarro L1102-i analyser (Picarro Inc., Sunnyvale, CA,5D and§'80 (see Sect. 2.4 for further details). Moreover,
USA). The delivery of nitrogen gas to the line is controlled this setup allows us to maintain a quite stable water vapour
by an Analyt-MTC pressure regulator (Analyt-MTC GMBH, mixing ratio over time.
Miillheim, Germany), which is set to regulate a constant pres- A syringe injection unit has been placed prior to the crush-
sure of 1.015 bars over atmosphere. Detailed information ofng unit to perform reproducibility tests using various stan-
all three units is provided below. dard waters and to make calibration peaks during speleothem
A vaporisation unit (water background generator) was de-fluid inclusion measurements. It is made of a customised
signed to generate a stable water vapour mixing ratio andJnion Tee connector with an added 7/1arathon septum
isotopic background via a constant supply of internal stan-to seal it and a piece to drive a needle inside the line. The
dard water (ST-08) with well-knowaD and 5180 isotopic ~ septum should be replaced regularly as variations of pressure
values into a nitrogen stream using a Union Tee connec<an lead to a loss of stability when the septum is deteriorated.
tor as a simple dripping device. Droplets of standard water_iquid water samples ranging from 1 to 2 pl were injected us-
are supplied by an Ismatec IP High Precision Multichan-ing a 10 pl Hamilton syringe, whereas for lower amounts we
nel Pump (IDEX Health & Science GmbH, Wertheim, Ger- used a 1 ul SGE Analytical Science syringe.
many), via a 0.13 mm inside-diameter TYGON R3607 capil- The crushing device has a simple design and consists of
lary extended with a heat-resistant 1/32ainless steel capil- a Power Team P12 hydraulic press (Power Team, Rockford,
lary. The peristaltic pump is well suited for continuous injec- IL, USA) that exerts a pressure of 220 bars onto the cop-
tions of standard water at a rate oft ulmin—1 (depending  per tube, which corresponds to a force of approximately
on the capillary diameter and the pump speed) into the dripL0000 Newton. A 7 um Swagelock inline filter was placed
ping device. Performance of the pump was tested by moniafter the copper tube to prevent calcite particles travelling to
toring the supply of standard water for 20 hr at intervals of the laser spectrometer, which may damage the laser instru-
1s using a Sensirion Mass Flow Controller (Sensirion AG, ment. Crushing of the sample generates no leaks or cracks
Staefa, Switzerland) that was placed right after the pumpin the copper tube. To estimate the crushing efficiency, a
This test showed that the average delivered amount of wagrain size analysis has been made on one sample that led
ter is 4.8+ 1 ul min~, whereas short-term fluctuations (over to the following size distribution: 20% for the fraction 0
55s) range between 2.72 and 7.38 plminHowever, these < x < 0.149 mm, 30 % for (l49< x < 0.495 and 50 % for
are smoothed out by the mixing volume, the crusher devicer > 0.495 mm, with possible individual particles of up to
as well as the whole line. The dripping device is an integrall mm in size.
part of the water background generator where dry nitrogen After syringe injection or sample crushing, the released
and standard water are injected into the line via a capillarywater is mixed with the nitrogen/standard vapour mixture to
that slightly touches the wall of the stainless steel line (con-

Dry N2 carrier

and sample (7 um)

Heated to 140 °C in an oven 4
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form a three-component gas that is then flushed to the lase
spectrometer through a stainless steel capillary.

The entire line is uniformly heated to 14Q by two heat-
ing sources without any cold spots to vaporise a very large
quantity of water completely and to avoid condensation and
accumulation of water in dead volumes. Compared to a line
at room temperature, a heated line minimises the water ad
sorption on its wall. As shown in Fig. 1, the vaporisation
unit, including the water pump inlet, the mixing cavity and
the purge, are heated to 190 using a digitally controlled
heating band that allows a precise temperature control ove
time. The injection unit and the speleothem crushing unit
are placed in an oven where the temperature is also kept a
140°C.

Once the three-component (nitrogen/standard wa-
ter/sample water) mixture reaches the laser spectromete
it passes through the vaporiser chamber, which is equally
heated to 140C, into the optical cavity cell where it is
measured at precisely controlled pressure and tempera
ture conditions of 35Torr and 8, respectively. The
WS-CRDS operation procedure is well established and
further details are described in Crosson (2008) and Gupta e
al. (2009).

Results are given in parts per million by volume (ppmv)
for the water vapour mixing ratio and in permil (%o) for the
isotopic compositions. They are normalised and expressed
against the common Vienna Standard Mean Ocean Wate
(VSMOW) standard.

2.2 Sample preparation

Firstly, a parallelepiped of calcite with a width of 25mm, a
height of 5mm and a variable length taken along the growth
axis of the stalagmite is extracted (preferably with apex in
the middle). This piece of calcite is then cut into 50 mm long
pieces and fixed with glue on both sides of a glass thin sec-
tion to avoid disintegration of the sample during the cutting
process (Fig. 2). This also allows one to follow a marker layer
by using a commercially available 3032 Precision Horizontal
Diamond Wire Saw (Well Diamond Wire Saw SA, Le Locle,
Switzerland) equipped with a 0.3 mm wire. This setup allows |
one to cut the sample without any significant loss of material
and, moreover, to cut the calcite by making curves by manu-_ o

ally adjusting a mechanical screw. Figure 2 Speleqthem §amp|¢a) COﬂdItIOﬂII:]g of the sample.b.e-

In addition, a 200 um thin section to evaluate the distriby- 0" P&ing cut with a wire saw. Growth laminae are clearly visible.

. L . . (b) Speleothem thin sections with their laminae. Fluid inclusions are
tion and volume of the fluid mCIU_S'OPS is prepared. One of thevisible in both cross-polarised (black) or bright field view (white).
advantages of such a preparation is that once the abundangg gnjargement of single fluid inclusion.
of fluid inclusions is accessed, the thickness of the sample
can be adjusted. After the samples are cut, they are placed in
a bath of acetone for a couple of hours to remove the residuaube has a volume ef11 cn? and samples of up to 20 mm in
glue that may have remained on the sample. length can be loaded. To avoid powder dissemination into the

The sample varying between 0.1 and 1 g is then placed in &ystem, quartz wool is placed at both ends of the tube. The
~16 cm long high-purity copper tube with a diameter of'3/8 loaded tube is then quickly attached to the line using 1/4
inch, which has been prepared and cleaned with acetone anghd 3/8 Swagelok connections.
flushed with dry air to remove any residual dust. The copper
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2.3 Desorption tests 80

- 160

Atmospheric water vapour desorption of the sample can be 180
a source of error in the water isotope analysis of speleothem 60 |-
fluid inclusions (Dennis et al., 2001) as the adsorbed atmo-
spheric water present on the calcite surfaces can contami-—
nate the released water after the crushing. Whilst it was rec- &
ommended to operate fluid inclusion extraction at a temper- =
ature of 150C, more recent studies (Vonhof et al., 2006, -
Dublyansky and Spétl, 2009) showed that temperatures of
120 to 130°C are sulfficient to avoid desorption and adsorp-
tion problems. For systems working with a dry background, it

is not only necessary to remove water adsorbed on the sam- WMWWW’M
ple prior to crushing but also on all surfaces of the whole |
measuring system. With our analytical setup we only need

Temperature (°C)

40 -

Desorbed
water

L 1 L
to test the desorption efficiency from the speleothem sample 0 4000 8000 12000
surface. However, desorption tests were made in two steps. Time (s)

Firstly, we evaluate desorption from a stalagmite sample un- a0f I E034% r 570,
L +0.92 %o for 3D an

der dry nitrogen background conditions to characterise the
phenomenon precisely and to estimate the total released wa-
ter content. Secondly, we adapted the procedure to our nor-
mal measuring conditions in a humidified mode. -85
Desorption tests have been performed in the oven in which
the loaded copper tube is positioned. The speleothem sample
is placed at room temperature and flushed with dry nitrogen
to the laser instrument for direct determination of desorbed
water. With our setup, the nitrogen gas stream contains ap-
proximately 15 ppmv of residual water. After the stabilisa- =
tion and recovery of a dry background, the system is heated & | coper tube
to 140°C to evaluate how heating affects water desorption g 13100 - and sample

placement

8D (%)

3150 (%)

13200

Atmospheric water vapour
and sample desorption

from the calcite (Fig. 3a). We performed five speleothem £

sample desorption measurements. Results of these tests show 3400 WM T S S R
that the released amount of water varies between 0.06 and 0 1000 2000 3000 4000 5000
0.13 microliter per gram of calcite. Dublyansky and Spotl Time (s)

(2009) Showed that_ decrepitation of slngle inclusions dur_'n_gFigure 3. (a) Desorption test: The large peak corresponds to am-
the heating of calcite can occur which is then clearly visi- yient water vapour migration during the opening of the line when
ble on a mass spectrometer spectrogram. So far we have nQfading the sample. After closing, the sample is flushed with a dry
noticed such effects with our system. nitrogen stream without heating. After reaching the dry background
The water vapour mixing ratio and the isotopic composi- level the system is heated to 140 to desorb the water from the
tion were monitored under measuring conditions (Fig. 3b).calcite.(b) Example of desorption and stabilisation of water vapour
To minimise the migration of atmospheric water vapour into amount and its isotopic composition after loading the sample. Des-
the system when a sample is loaded, the copper tube shouRyption from the sample surface or from fluid inclusion cracks is
be fixed rapidly to the heated line (140). To ensure com-  hardly visible at this resolution.
plete desorption of water adsorbed on the sample surface, the
sample is heated until the background conditions are stable
to a high degreet0.25 %0 andt-0.90 %o (if not the specified mean. Such stable background conditions enhance the sam-
standard deviation of individual values is given), 830 ple precision as discussed in detail in Sect. 2.4.2.
andé D, respectively. This procedure typically takes 90 min  As the system is kept under humidified conditions, line
before another sample measurement is processed. The tinvealls are constantly conditioned with water molecules, and
interval for the background determination is about 20 minthe probability of isotope exchange with adsorbed water at
(100 values), whereas uncertainties in the mean backgrounthe walls is rather low since the mean free path length is
are of the order 0f£0.03 %o and+0.1 %o for §10 andsD, small under our conditions. Therefore, it takes about 50 min
respectively. The background amount of water is fairly con-to stabilise the background conditions. For speleothem sam-
stant at+20 ppmv for single values and2 ppmv for its  ple measurements, 90 min were taken to ensure that no
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Table 1. Isotopic composition of internal standard waters used for 2.4.2 Optimising a stable water background
calibration determined independently by IRMS.

Laser spectroscopy under dry conditions (water back-

Standard 8180 (VSMOW)  §D (VSMOW) ground 10 to 100 ppmv) results in highly varial@® and

(%) (%o) 8180 isotopic background values 1000 %o for§D and
Meerwasser  —0.044% 0.05 124405 +250 %o for §180, which hampers obtaining reliable data.
DOME C _5418+0.05 —42826+05 Furthermore, when working close to dry conditions water
DYE-II _27214+0.05 —21023+05 molecules have a tendency to stick to the line surface and
STO8 -1079+005 —77.46+0.5 fractionation may occur. This is particularly important for

small amounts of water, as is the case in our application. To
avoid such an effect, we decided to admix standard water
continuously with a known isotopic composition to generate
an artificial water background that is close to the best op-
atmospheric water vapour contamination will affect the mea-grational domain of the analyser (17000 to 23000 ppmv).
surement. This implies that during the entire measuring procedure,
Though there are slightly different stability conditions be- the surfaces of the device are saturated with standard water
tween empty, loaded and crushed tube conditions, these difyg|ecules to avoid this volatility problem that is well known
ferent states may only slightly affect water background levelsgq, dry conditions.
(as shown in Fig. 3b). As a working reference for the speleothem fluid inclu-
sion measurement we use an internal standard water (ST-
08). To evaluate the stability of the system over a workday,
a 13 hr continuous admixture of ST-08 has been established.
Results show that the water vapour mixing ratio in the op-
The use of the WS-CRDS system is new for this kind of ap-tical cavity cell reached 1346232 ppmv (). Similarly,
plication and the calibration and the precision of the Picarrothe isotopic stability reaches77.31+ 0.58 %o for § D and
L1102-i analyser has been determined carefully. The preci—10.934+ 0.12 %o fors180.
sion of the data will be discussed in Sect. 4. In this section, The dependence of isotope ratios on the mixing ratio was
we present tests that are relevant for optimising the continuevaluated by varying the mixing ratio for eleven individual
ous measurements using our online system (coupling of pretevels between 6700 and 20 500 ppmv. Data were recorded
conditioning/crusher/laser instrument). Table 1 gives the isofor each level for~40 min and data analyses were made dur-
topic composition of standard waters used for the calibrationing the last 20 min (Table 2). Standard deviation is robust for
8180 (£0.10 %0) between 13000 and 19 000 ppmv and only
slightly enhanced below and above this range (Fig. 4). For
8D, standard deviation decreases continuously from 1.1 %o to
0.5 %0 between 7000 and 13000 ppmv and then stabilises
below 0.5 %o up to 22000 ppmv. The stability of the water
Three standards (Meerwasser, ST-08 and DYE-IIl) havebackground ist10 ppmv below 14 000 ppmv and increases
been used to perform the isotopic calibration of the in-up to+30 ppmv above it. The reproducibility of the individ-
strument against the VSMOW scale. Their isotopic val- ual isotope measurements b increases with the increas-
ues were precisely measured in our institute by mass spedng mixing ratios, but remains stable 60 (Fig. 5). The
trometry and they ranged from 0% te27 %o for 8180 absolute values fa¥D show a decrease with increasing mix-
and from 0% to—220%. for §D. These waters fit with ing ratios and then a constant behaviour over 13 000 ppmv,
the expected range of values of fluid inclusion water in whereasi'®0 values increase with rising mixing ratios up to
speleothems. Injection of each standard via the peristaltid2 000 ppmv and are rather stable thereafter. Based on these
pump into the dripping device lasts at least three hours tabservations we decided to perform the measurements with
ensure that the system reaches an equilibrium state. The coa background mixing ratio of13 000+ 1000 ppmv.
relation between the measured Value) and the assigned
value (y value) is used as the instrument correction equa-2.4.3 Time needed for system stabilisation
tion. For this study the corrected isotopic value 8fO
is y = 0.989r (+0.001) +0.112 (+£0.021) (r2=1) and for  The stabilisation time after replacing an empty copper tube
8D it is y=0.965¢ (£0.002 —0.574 (£0.299 (r2 = 1). with a loaded one can be evaluated by monitoring both iso-
These equations need to be updated depending on the instrtepe values and water vapour mixing ratios. To do so, three
ment performance and they are applied to all isotopic dateexperiments were conducted: (i) with an empty tube, (ii)
recorded by the laser instrument in order to get the most acwith a speleothem sample loaded tube and finally (iii) with
curate isotopic composition of the sample. a crushed sample. Figure 6 shows the response time of the

2.4 Laser spectrometer calibration

2.4.1 |Isotopic calibration for water vapour
measurements
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Table 2. Effect of the water vapour mixing ratio anD ands180 measurement vs. VSMOW based on 40 min measuring intervals per water
level.

Water vapour mixing ~ Standard deviation §180 Standard deviation 6D Standard deviation

ratio (ppmv) (ppmv) (%o) (%o) (%) (%)
6717 5 —11.44 0.13 —77.41 1.01
8000 5 —11.36 0.11 —77.48 0.78
9520 6 —-11.23 0.11 —77.83 0.67
10810 5 —-11.18 0.11 —78.08 0.62
12093 6 —-11.16 0.11 —78.04 0.54
13414 8 —-11.13 0.10 —78.32 0.46
15016 29 —-11.12 0.09 —78.34 0.50
16 365 28 —11.06 0.10 —78.40 0.51
17698 22 —-11.07 0.10 —78.45 0.40
18968 15 —11.04 0.10 —78.44 0.48
20476 35 -11.12 0.11 —78.45 0.45
Time (s) -10.4
5000 15000 25000 1
: ‘ : : ‘ N T S 4-10.8
20000 G a4 s “;.i 145 |
16000 Z j%%ﬂ"i%“{ R 12
| g % BEELIA §
12000 5 A 4-11.6
8000 74 . -12
— 02 4000 |
S\E b -76
< 0.1 [} . o o . . ° ° ° = 78+
5 * 2
2 -80 - !
© 0 12 I
* 1 % 82 . I . I . I . I .
LI 108 4000 8000 12000 16000 20000 24000
* . o o 13 H,0 (ppmv)
. o * *lo04 %
1 a2 Figure 5. 180 and sD dependence on injected water vapour
% 0 amounts presented in Fig 4.
o 40
NS .
= [ [ [
3 20t * Lo
g . system after switching between two standards (from ST-08
% o o s o v ‘ ‘ ‘ to DOME-C). For the three experiments, the system behaves
8000 12000 16000 20000 in the same way as documented by the three resulting isotope
H,0 (ppmv) traces. There are no significant offsets in the delta values as

_ o _ a function of time, suggesting that the presence of material
Figure 4.5'80 ands D reproducibility with changing water vapour  in the tube has no significant influence on the time needed
amounts(a) Water vapour mixing ratios were increased by chang- ¢or the system to stabilise when switching between two iso-

ing the speed of the pump in steps of 0.2% from 1 to 3% of its ca-yqhicq|ly different waters. Approximately 45 and 75 min are
pacity. (b) Evolution of the standard deviation of the water vapour necessary to stabilisd80 ands D respectivel
isotopic measurement f@rD ands180 and water vapour amount y ’ Y-

as a function of the water vapour amount.
2.5 Measurement protocol

To achieve precise and reproducible measurements, several

tests have been made to optimise the measurement proto-
col (Fig. 7). Once a stable background is reached, a first
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Figure 6. System response for switching from ST-08 to DOME-C standard water. No difference is noticeable for empty, loaded or crushed
tube conditions.

again (water vapour mixing ratio and isotopic composition),
a second standard ST-08 reference peak is injected (peak 3,
20000 - Fig. 7). After 40 min, the speleothem sample is crushed (peak
4, Fig. 7) and the released fluid inclusions water reaches the
Picarro analyser approximately 40 s later. After up to 60 min
16000 (depending on the water amount released from the sample)
a last standard water aliquot is injected on the crushed cal-
cite (peak 5, Fig. 7). 40 min later the measurement sequence
is terminated. These three standard peaks allow us to control
the stability of the measurement. The overall time needed
to run one speleothem sample using the described method
(Fig. 7) is approximately five hours, of which the sample
8000 peak itself lasts only around 20 min. In a time-optimised pro-
cedure a minimal time of 2 hr for one sample is necessary to
guarantee the stated precision.

12000

H,0 (ppmv)

2

4000 L 1 L 1 L 1 L 1 L
0 4000 8000 12000 16000 20000

Time (s)

3 Raw data evaluation

Figure 7. Water vapour evolution during a measurement sequence.

Peaks 1, 3 and 5 are 0.5 pl injections of ST-08 standard water. Peak The analyser software records all measured parameters at in-
corresponds to the released fluid inclusion water. Depression 2 cortervals of~12.2 s (Fig. 8). The water vapour mixing ratio
responds to the exchange between the empty and the loaded coppgslue can be used as it is recorded, wheg¥asand §$180

tube. need to be corrected using a linear correlation that is obtained
by measuring various standard waters with known isotopic
values as shown in Sect. 2.4.1.

0.5 pl internal standard (ST-08) is injected manually (peak

1 in Fig. 7). After 40 min, the empty tube is then quickly 3.1 Estimation of sample water concentration

exchanged (within 30s) with the copper tube containing a

sample (peak 2) to minimise ambient water vapour contami-The released amount of sample water is determined as fol-
nation. We wait for approximately 90 min to be sure to re- lows: various aliquots of water ranging from 0.02 to 2 pl
store the original conditions including the removal of ad- were injected on a wet background to determine the asso-
sorbed water from the sample. Insufficient time could lead tociated signal areda (Eg. 1a) or maximal signal amplitude

a mixture of background standard water with adsorbed atmoSy (Eqg. 1b). They are then used to determine the amount of
spheric water vapour. Once a stable background is reachedater released through crushing the sample with a precision
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Figure 8. These spectrograms show th#°0, 5D and HO re-  Figure 9. The relationship between the sample signal and the in-

sponses of the Picarro for a speleothem sample measuremefédcted water amount for the vapour is used to calibrate the released
(Fig. 7, peak 4). Both isotope ratios behave similarly. Due to diffu- water amount from fluid inclusions. Calibration was determined
sional fractionation of the light and heavy water isotopologues dur-for amounts up to 2 pl using a wet background and based on two
ing the sample transfer by nitrogen, depleted values are observegchemes: (i) with the signal area converted into water amounts (lin-
for the very first part of the sample. Maximal isotope values are ear regression in red) and (ii) relative to the maximal signal intensity
reached after the maximum of the water amount. The signals reaclpolynomial regression in blue).

background stability again after about 20 min.

of +0.08 pl forSa and=0.10 pl forSy (Fig. 9): released (or injected) water leads to a rapid increase in the
' ' e water vapour mixing ratio; more specifically the criterion
HoO[pL] = 7.16x 107 - S +0.0244 (1a) for the peak starting timerd) is defined by dHO(t)/dr >
2ppmvs?t.

_ -9 2
HZO[HL] =9.50x 1077 §j4+0.0001525u +0.0187. (1b) Fractionation occurs right after the peak inflection point

The sample water concentratiot) {s obtained by dividing and after the peak maximum the mixing ratio will decrease

Eg. (1a) by the sample weight (m). slowly with time. As mentioned before, with this setup a
peak lasts~20 min. The criterion used to determine the peak
= HZO[”L] @) end time f;) is dH,O(r)/dr > —0.15 ppmv L. Precise peak
m[g] definition is especially crucial when small water amounts are
being measured.
3.2 Calculation of§ D and §80 isotopic values The general equation for the water mixture amount is
When the sample is crushed, standard and sample wateﬁzomix — Hy05 + Ha0p, @)

with different isotopic compositions are mixed in the line.

To determine the isotopic composition of the sample we - heres andb stand for the sample and the background, re-

tegrate the product of the water amount and its isotopic value ectivelv. The same can be applied to heavv-oxvaen water:
over the entire peak. However, we need to take into accoun%p Y- PP Vy-0xyg '

the background (Fig. 10).

As the software delivered with the Picarro cannot be use(j_'lg
for this measurement procedure, we developed a simple data?
evaluation protocol to calculate the isotopic composition of o
the standard or speleothem fluid inclusion water. A criterionWith Egs. @)/(3) and approximating fOmix = H3%0y i +
for peak integration is determined on the basis of the wa-H320, .. with H3%O, . (H2O, . contributes only 0.2 %), we
ter content. The peak inflection point is well defined as thehave H20, .. /H20mix ~ H320, . /H3O, . .

Omix = H%SOS + H%SOb' 4)

mix mix
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Figure 10. Schematic diagram illustrating the evaluation protocol
(see text for details).

The isotope values in Delta notation can be calculated a:

follows:
41
tfalsoj(t).Hzoj(t)
8180, = = (5a)
ngOj(t)
fo
151 11
JH20;(n)dr [H20;(r)dr
H,0; =~ =2 (5b)

i 11— to
[ dt
io

wherej is either the mixture, the background or the sample.
To calculate the isotopic value of a sampleof the in-
jected or released water we use the following relationship

5180mix HZTrmx - 5180b : m
s= — ——
H20mix —H20p

(6)

Ford D, we used a correspondent evaluation.

Clim. Past, 10, 12914304 2014

4 Reproducibility tests
4.1 Water injections

To test the new setup three different internal standards were
analysed to ensure good accuracy and precision of the line.
A total of 46 manual injections of standard water of 1, 1.5
and 2 pl were performed. The three known isotopic standards
ranged between 0.63 %0 are129.39 %o fors D and between
—0.11 %0 and—54.23 %o fors120. The reproducibility test of
these standard waters (Meerwasser, DYE-IIl and DOME-C)
is summarised in Table 3 and Fig. 11.

For 8180, measurements are rather accurate and precise
over the entire range between 0 anf5 %.. However, stan-
dard deviations are slightly influenced by the water amount
and the Delta value, both resulting in a change in the spec-
tral signal strength of the laser system. The lower the water
amount and the lower Delta value the smaller the spectral sig-
nal for the less abundant isotope gets. This is clearly visible
for samples with very negativi®D values (DOME-C water),
for which we receive a clear decrease in precision but retain
accuracy. Therefore, the standards used for calibrating the
whole setup should represent the expected range of sample
Delta values.

2.2 Speleothem samples

For fluid inclusion analysis, a total of twelve samples from
four different layers of stalagmite WR5 (Whiterock cave)
from northern Borneo in the tropical West Pacific covering
the time period between MIS 12 to early MIS 9 (460—-330 ka)
(Meckler et al., 2012) were analysed (Fig. 12). Each sample
was split into several pieces of between 100 and 200 mil-
ligrams each to run three replicates. The results ofstbe
ands*®0 measurements and water amounts are summarised
in Table 4. The released water amounts range from 0.4 to
2.2l and correspond to water contents between 2 and 19
microliter per gram of calcite (average of 10.1fly The
calculated water concentration between the three replicates
is not constant (except for sample 387). This is most prob-

ably due to the unequally distributed fluid inclusions in the

stalagmite and we expect the influence of the crushing to be
minimal since the grain size distribution is rather constant.
The released water amounts do not have a strong influence
on the isotope values measured. Nevertheless, the sample
weight should be selected so that the released water amount
is at least 0.5l or higher. In addition, two fluid inclusion
analyses were made for a recent speleothem sample (sta-
lagmite M6) from Milandre cave (Switzerland), where the
corresponding modern drip water is also monitored. Stalag-
mite M6 was actively growing and the measurement corre-
sponds to a mixture of fluid inclusions comprising the last 40
years. The sample grows exactly under the stalactite where
drip water was collected and monitored. The collection was
made on a three-month interval during the last two years and
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Table 3. Experimental results with injected aliquots of standard water (refer to Table 1 for uncertainties in the expected values). Note that
the aliquots slightly deviate from values given in Table 1.

Standard Injected amount  Number ofs180 average Standard §D average Standard
injections deviation deviation
(HL) (n) (%) (%) (%) (%)
Meerwasser 2 6 0.3 0.1 -1.0 0.3
1.5 5 0.3 0.3 -1.1 0.7
1 5 0.2 0.2 -0.8 15
Expected values -0.1 0.6
DYE-III 2 5 —-27.1 0.2 —212.6 0.4
15 5 —-27.1 0.3 —211.5 0.7
1 4 —-27.1 0.1 —-212.1 0.7
Expected values —-27.3 —212.8
DOME-C 2 5 —54.3 0.3 —429.7 2.0
1.5 5 —54.4 0.2 —-430.1 2.1
1 6 —54.2 0.7 —428.7 4.2
Expected values —54.2 —429.4
DOME-C DYE-III Meerwasser DOME-C DYE-III Meerwasser
(a) 3 | (b) ! |
Sample size Sample size
O O 2 ul @) 2ul
4 A 15 08 A 150
- O 1wl - O 1l
=}
£ 2 06
z e S A N
- 2 0.5 %o limit
| 3
g 2 A E 0.4
ks % o
2 St §[ T ;-'2 * 5 .
1 = 0.2 = |
o E A A 5 o
< 2 o i
0 = 0 <
-400 -200 0 -60 -40 -20 0
3D (%o) 3130 (%o)

Figure 11. Summary of the reproducibility tests made for different standard waters ranging from4b®%. for§ D (left panel) and from
0 to —55 %o for §180 (right panel).

the isotopic composition of the drip water shows fairly small 0.4 %o, but not fors D due to its larger uncertainty of 1.5 %o.
variations ranging between8.71 %o and—9.20 %o in§180. Results are given in Table 5.

Samples weighing between 800 and 900 milligrams were

crushed, releasing a constant water amount of 0.6 pl (aver- ,
age water concentration of 0.68 {IiY). The observed iso- ° Conclusions
topic offset between drip and fluid inclusion water is around
1 %o for 8180, while s D values are identical. This might indi-
cate a postdepositional exchange between calcite and incl
sion water or it could document a kinetic fractionation (sim-
ilar in magnitude for both oxygen and hydrogen isotopes)
during the enclosure of the fluid inclusion water. The latter
would be easily observable f6t80 within its uncertainty of

We present a new system for measuring hydrogen and
oxygen isotope ratios of fluid inclusions water extracted
Yom speleothems. The measuring principle is based on
the wavelength-scanned cavity ring-down spectroscopy tech-
nology that allows simultaneous monitoring of hydrogen
and oxygen isotopes. The main advantages of the WS-
CRDS technique in relation to our study are that (i) this
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230 Table 4. Experimental results with crushed speleothem samples
& Sample 246 o from Borneo.
O  Sample 266
A Sample277 T Z i_{ Sample st 8D  Released water
20 @ Sample 387 } X } (%o) (%o) (uL)
/- e 246-1 -56 -354 1.99
/ /%;}o*‘ 246-2 -6.1 -38.1 0.95
. 4 /@%@ 246-3 —-6.0 -—-39.6 2.04
3 ot Average -59 -37.7
= or /Y Standard deviaton 0.3 2.1
Ze]
gl 266-1 —-8.5 -—-58.7 2.18
a 266-2 —-8.3 -58.4 1.87
266-3 -83 -571 1.86
-60 - Average -84 -—58.1
& 0l Standard deviation 0.1 0.8
Cﬁ\ Y =8.07* X +9.49 277-1 —-8.5 —-60.2 1.34
R*=0.98 277-2 -9.0 -61.1 0.44
-70 — 277-3 -83 —59.1 0.62
-10 9 8 7 6 - Average -8.6 —60.1
3"%0 (%o) Standard deviation 0.4 1.0
Figure 12. 5D vs. 5180 measurements with standard deviations 387-1 —7.7 —53.6 1.95
based on three replicates for speleothem samples from Borneo. Re- ~ 387-2 -79 -523 1.79
sults are close to the Global Meteoric Water Line (GMWL), which 387-3 —7.7 -52.6 2.23
is similar to the meteoric water line of Borneo (Moerman et al., Average —7.7 =528
2013). Standard deviation 0.1 0.7

instrument is only dedicated to water isotope measurement,

(ii) the operational costs of the analysis are low and (iii) the . .
. . . .~ Table 5.1sotopic results for two replicates of a recent sample from
speleothem fluid inclusion measurement procedure is simz

o - . . . Milandre cave (Switzerland) and for the corresponding drip water.
plified by avoiding any water treatment prior to their isotopic 8D values of speleothem and the modern drip water are coherent

determination, such as the reduction of®in a pyrolysis  and really close, wheread0 seems to be slightly fractionated.
reactor into CO and fimolecules as is required for the com-

bination of gas chromatography (cleaning of the products) sample s180 sD Released water
and IRMS method (isotope detection unit). Moreover, the (%)  (%o) (ML)
line ayoids the step of the freezing treatment using a cryo- Milandre recent speleothem 2 —7.7 —63.0 0.62
focusing cell. Milandre recent speleothem 3 -8.1 —61.8 0.67
The new simple and easy-to-build line allows one to ex-  Average _79 _62.4
tract and analyse the isotopic composition of water released Standard deviation 0.3 0.9
from speleothem fluid inclusions by crushing the sample pyig water
with a hydraulic press. This line could even be used for air  Average -89 -620
inclusions not discussed here. Standard deviation 0.2 0.8

With this setup, we achieve standard deviations smaller
than 1.5%o foré D (between O and-210%. at least) and
0.4 %o for §180 (between 0 and-27 %o at least) for sample  The sample throughput could be increased by placing two
sizes from and above 1 pl, comparable with traditional IRMS or more copper tubes in parallel to optimise the stabilisation
measurements. These isotopic intervals are wide enough faime between speleothem crushing, or the measurement pro-
our speleothem target measurement. For more negative vatocol could also be shortened, leading to a substantial gain in

ues, measurements are still possible, with lower precision bufime and allowing the crushing of more than two samples per
retained accuracy (especially foD). It is best to adjust the  day.

isotope value of background water and the calibration wa-
ters to the target range (expected sample values). The repro-
ducibility for real stalagmite samples was in the same range
even for small-sized sample amounts of the order of 0.5 pl.
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