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Abstract

The method of deuterium analysis (�D) measurements has previously been shown to suffer from intersample memory effects. In this study the
memory effect of �D continuous flow isotope ratio mass spectrometry (CF-IRMS) employing the chromium reduction technique is investigated
with the goal of optimising the system configuration. By optimising the system configuration, the magnitude of the memory effect has been reduced
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rom 6% to 1–2%. It is shown that the memory effect displays a long range behaviour which can be described by a sum of two exponential decay
unctions, indicating two main sources with different time constants. Furthermore, a correction algorithm which takes into account the observed
ong range nature of the memory effect is developed and tested against waters of known isotopic composition.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen isotope studies have for decades been used in a
umber of research fields such as hydrology [1], glacier studies
2–5], atmospheric and climate research [6,7]. The hydrogen and
xygen isotope composition of water samples have been used
xtensively in ice cores studies [3–5,8–10]. Traditionally the two
rincipal approaches of obtaining hydrogen gas for stable iso-
ope ratio analysis are the reduction method using metals (e.g.,
r, Mn, Ni, Zn and U) and the equilibrium techniques between
ater and hydrogen gas. Both techniques have been used for off-

ine and (semi) automated sample preparation methods [11–29].
amples obtained by off-line hydrogen preparation are analysed
y the classical dual inlet method, whereas for automatically pre-
ared samples the dual inlet or the continuous flow (CF) methods
re used in connection with an autosampler. With the CF method
he samples are converted to gaseous hydrogen which is carried
y a carrier gas (commonly helium) from the preparation sys-
em to the stable isotope ratio mass spectrometer (IRMS) [e.g.,

[30,31]]. Recently LASER spectroscopy of water samples has
also been reported [32–34].

The equilibrium technique requires high stability control of
the equilibrium temperature and furthermore involves correc-
tions due to the fractionation occurring in the exchange reaction
between water bound and gaseous hydrogen. An advantage of
the metal reduction methods for preparation of sample gas for
hydrogen isotope ratio analysis is the small sample size of <1 �l
[25,28]. In contrast the equilibrium method requires 1–5 ml sam-
ple water [8,35,36].

Memory effects, i.e., reminiscences of the previous samples
contaminate the sample being measured, are almost intrinsic to
the metal reduction technique [11–18]. However, some instances
of the Ni and Cr reduction methods are reported to be absent of
memory effects [19–23]. In contrast memory effects of the equi-
librium technique are rarely reported [35–37], although Huber
and Leuenberger [10] reports of memory effects of 2% for an
equilibrium system.

The origins of the memory effect may derive from mul-
tiple causes within the sample preparation system. Water is
very susceptible to adsorption onto the inner surfaces of the
∗ Corresponding author. Tel.: +45 89423722.
E-mail address: jespero@phys.au.dk (J. Olsen).

glassware, stainless steal and chemicals of the inlet system; a
property believed to lead to memory effects [10,28,38,39]. The
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memory effect may be caused by the downward movement of
the oxidised to reducing front in the reactor as the chemicals
are exhausted and may also be a function of the helium car-
rier flow or be dependent on reactant batch [13–16,40]. The
syringe may carry reminiscences of previous samples causing
memory effects which may be avoided by cleaning between
subsequent injections using methanol or acetone wash solvents
[14,27,38,41,42]. Syringe cleaning procedure can also be sup-
plemented or replaced by flushing the syringe using samples as
a wash agent [14,40,42]. Clearly if present, memory effects are
limiting the accuracy and precision of the hydrogen isotope ratio
analysis, and commonly the problems of memory effects can be
minimised by avoiding large steps in hydrogen isotope compo-
sition in between samples, by replicate analysis or by applying
corrections [15,16,33,40,42].

At the Aarhus AMS 14C Dating Centre more than 14,000 ice
core samples from the DYE-3, GRIP and NGRIP ice cores have
been analysed [3,4] employing the chromium reduction contin-
uous flow technique coupled to a GV-Instruments IsoPrime con-
tinuous flow isotope ratio mass spectrometry (CF-IRMS). The
laboratory analyses water samples with a size of ∼0.4 �l at a rate
of 200 samples per day with a �D precision of 0.3–0.5‰. The
relative abundance of 18O to 16O and 2H to 1H in ice cores can be
used for counting annual accumulative layers, as fractionation
depends on temperature and it is thus possible to differentiate
between successive summers and winters [3,4,7,43–47]. How-
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system in order to reduce them to a minimum, to perform a time
optimisation of the analysis procedure and to develop correc-
tion procedures. Presented here is a systematic investigation of
the influence of the syringe, injection port, gas chromatographic
(GC) column and total analysis time on the magnitude of the
memory effect. Further a correction algorithm is developed and
tested.

2. Experimental

The deuterium measurements were produced with a Euro
Vector elemental analyser (EA; EuroPyrOH-3100) combined
with a Euro Vector liquid autosampler (LAS; EuroAS-300) and
coupled to a GV-Instruments IsoPrime IRMS. The experimental
setup is shown in Fig. 1. A syringe (SGE syringe 1 �l) fitted to
the liquid autosampler pulls up ∼0.4 �l of water from septum-
sealed sample vials (2 ml) positioned in an autosampler with 110
storage points. The water sample enters the EA by the heated
injector port held at 160 ◦C. At delivery the syringe penetrates
a septum which seals the injector from atmosphere to a depth
of 40 mm where it waits 1 s (pre dwell time) before injecting
the water sample and then wait 2 s (post dwell time) before
withdrawing again. Prior to the sample injection the syringe is
washed with sample water one to five times. In each wash cycle
0.6 �l of water is taken up and injected into a waste vial. Then
0.4 �l of sample water is taken up for analysis together with
0
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erime
ver, counting annual layers using stable isotopes from ice cores
s a very complex procedure, because the water molecules do
ot stay at fixed positions but diffuse, hence the yearly isotope
ignal is considerably smeared [46–51]. The establishment of
n ice core chronology by using �D isotope signals from ice
ores demands high precision measurements especially when
nalysing ice core samples from great depths. Therefore, it is
f particular importance to reduce the memory effects observed
n our system to a minimum. Furthermore, in order to manage
he large amount of samples the objective has been to measure
ach ice core sample only once. Thus, the aim of this study has
een to locate and quantify the causes of memory effects in our

Fig. 1. Schematic layout of the exp
.1 �l of air. After the injection the sample follows the helium
ow through a tubular stainless steal liner which is a part of the

njection port that extends into the quartz furnace (EuroVector,
odified quartz reactor 18 mm/6 mm). In the furnace (1050 ◦C)

he evaporated water sample is reduced by chromium (Goodfel-
ow, 200 �m Chromium powder) to gaseous hydrogen molecules
15,28].

The hydrogen molecules are then transported through the
C column (160 ◦C) (EuroVector, 1.5 m 5 Å molecular sieve
acked column) and further through an open split to the mass
pectrometer. The sample gas entering the mass spectrometer
enerates simultaneous peaks of H2 at the m/z 2 and HD m/z 3

ntal setup of the CF-IRMS system.
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collectors. The m/z 3 collector is fitted with an electrostatic filter
to avoid interference from helium tail flanks [28,52,53].

The measured isotope values are expressed using the conven-
tional �D notation and converted to the VSMOW/SLAP scale
[15,54–56] by first applying a drift correction to the raw �D
values (i.e., measured �D values relative to machine reference
gas) [10,15,16]. Calculation of the memory effect coefficients
and optionally a correction for the memory effect may then be
applied (see below).

3. Theory

The memory effect in the CF-IRMS system displaces the
measured �D value of a sample x (�Dx) from the its true �D
value (�Dx,True). Hence, the true �Dx,True value of sample x may
be written as the measured �Dx value of sample x minus a dis-
placement Mx yielding

�Dx,True = �Dx − Mx. (1)

The magnitude of the displacement term Mx is in general
unknown but may be found by modelling the nature of the mem-
ory effect.

The �Dx,True value can be determined by replicate analysis
of sample x until the reminiscence of the previous samples have
completely decayed. The reminiscence or memory effect of the
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this can be solved by defining the transition T as the displace-
ment Mi,x plus a remainder Ri,x. Thus, in general the transition
T in Eq. (2) can be also be expressed as: T = Mi,x + Ri,x. Thus,
rewriting Eq. (1) yields the �Dx,True value of sample x to be

�Dx,True = �Dx +
z∑

i=1

fi × Tx−i→x−i+1

= �Dx + f1

1 − f1
Rx−1→x +

z∑

i=2

fi × Tx−i→x−i+1.

(4)

The calculation of the remainder term Rx − 1 → x for sample x
preludes that the true �Dx − 1,True value of sample x − 1 is known.
Hence, the correction of the first sample implies that the true
�D value of the previous sample must be estimated. Practically
this is done by initially estimating the true �Dx − 1,True value
of sample x − 1 by replicate measurements on a standard until
the memory effect has decayed. For the forthcoming samples
the true �D values becomes known as subsequent samples are
corrected. Note that no assumption on the characteristics of the
correction coefficients f(i) has been made. Thus, the fractional
memory coefficients φi (Eq. (2)) may be used as a substitute for
f(i) as would any other estimation of f(i).

4. Results
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revious sample x − 1 can then be estimated by calculating the
isplacement Mx,i divided by the transitional T step between
amples x and sample x − 1 yielding the fractional memory coef-
cients φi.

i = �Dx,True − �Dx,i

�Dx,True − �Dx−1,True
= Mx,i

T
, (2)

here i denotes the replication number of sample x. Practically
his is done by setting up a series with two different standards
ith different isotopic composition which are measured alter-
ately. The memory effect can then be observed as the deviation
i between the measured and the true value of the second stan-

ard, divided by the transition step T between the two standards.
he first replicate (i = 1) of sample x contains the largest part of

he reminiscence of the previous sample and is denoted the first
emory coefficient φ1.
Empirically it was found that the memory coefficients φi are

est described by a double exponential fit f(i):

(i) = Ae−Bi + Ce−Di. (3)

he constants A to D are determined by fitting f(i) to the frac-
ional memory coefficients φi (Eq. (2)) by the method of least
quares. The constants B and D reflect the decay rate of the
emory effect.
The unknown displacement term Mx of Eq. (1) equals the

um of the fitted memory coefficients f(i) multiplied by the
ntersample transition steps T* containing the previous z inter-
ample transitions in backwards order. Hence, z is the backwards
ange of the memory effect. Unfortunately the transition step
ize between sample x − 1 and sample x (Tx − 1 → x) is unknown
ecause the true �Dx value of sample x is unknown. However,
The memory effect has been monitored for all routine analy-
es since August 2002 and in addition a systematic investigation
f the nature of memory effect has been carried out. Only mea-
urements with intersample transition steps greater than 110‰
nd more than 18 replicate injections of each standard have
een used in the monitoring effort. For all transitions the frac-
ional memory coefficients φi have been calculated according to
q. (2).

The memory effect data obtained during routine analysis falls
nto two separate groups, one having an average of the first mem-
ry coefficient φ1 of 5.9 ± 0.6% (Group I), and one with an
verage of φ1 that equals 1.5 ± 0.5% (Group II). The double
xponential fits are shown as lines in Fig. 2, together with the
verage and the standard deviation of the fractional memory
oefficients φi and the fit parameters for the data in each group.
he same decay trend can be seen in both graphs, and is a com-
osite of a fast and slow decay component ranging over many
ost injections. Four systematic test sequences have been set
p to investigate the influence from single system parameters
n the memory effect. For all tests, the transition step size was
500‰, achieved by using enriched samples. The memory effect
or different combinations of injection volume (0.1–0.5 �l) and
umber of wash cycles (1–5) was performed in Test 1 as shown
n Table 1 and Fig. 3. Tests 2–4 (see Table 2) were all performed
sing the same injection parameters. Test 2 was carried out in
rder to asses the influence of the injection needle on the mem-
ry effect by using separate syringes for each sample. The data
re presented in Fig. 4. Test 3 was set up to investigate if the GC-
olumn temperature has any influence on the memory effect. The
emperature was set to 40 ◦C, 120 ◦C and 180 ◦C as displayed in
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Fig. 2. The average and standard deviation memory coefficients φi obtained during routine analysis. The data falls in two groups; Groups I (φ1 = 5.9 ± 0.6%) and II
(φ1 = 1.5 ± 0.5%). The solid lines represent the double exponential fits f(i) to the memory coefficients φi.

Fig. 5. In Test 4 the influence of sample analysis time has been
investigated.

The memory correction procedure has been examined by two
tests. (1) A standard (Instaar GW1) has been interspersed in
between ordinary samples at regular intervals and are denoted
test Group B. The Instaar GW1 standard was also measured
prior and post to test Group B and is denoted sequences A and

Table 1
Test of injection parameters

Test 1 method Sample volume Wash cycles

φ1 (%) �l

LAS-M1 4.36 0.1 1
LAS-M2 4.45 0.1 2
LAS-M3 3.79 0.1 3
LAS-M4 3.89 0.1 4
LAS-M5 2.61 0.1 5
LAS-M6 2.24 0.2 1
LAS-M7 2.67 0.2 2
LAS-M8 1.96 0.2 3
LAS-M9 2.61 0.2 4
LAS-M10 1.94 0.2 5
LAS-M11 1.95 0.3 1
LAS-M12 1.77 0.3 2
LAS-M13 1.74 0.3 3
LAS-M14 1.59 0.3 4
LAS-M15 1.80 0.3 5
L
L
L
L
L
L
L
L
L
L

A
p
c

Fig. 3. Test 1: the first memory coefficient φ1 plotted against the number of
injection needle wash cycles and the injection volume. Note that for injection
volumes >0.4 �l and for 1 or more wash cycles the memory effect is approxi-
mately constant.

C, respectively (see Table 3). (2) Seven standards has been setup
in a sequence ranged after their isotopic composition in order
to minimise the intersample transition step. Each standard was
allowed to be measured only once, i.e., no replicate analysis (see
Table 4), in order to simulate batch measurements of ordinary
samples.

5. Discussion
AS-M16 1.52 0.4 1
AS-M17 1.47 0.4 2
AS-M18 1.35 0.4 3
AS-M19 1.45 0.4 4
AS-M20 1.28 0.4 5
AS-M21 1.41 0.5 1
AS-M22 1.34 0.5 2
AS-M23 1.25 0.5 3

AS-M24 1.20 0.5 4
AS-M25 1.15 0.5 5

ll data obtained within 2 days using �D transitions above 2500‰, GC tem-
erature at 160 ◦C, ThermogreenTM LB-2 septa and similar LAS injection
onfiguration (air vol. 0.1 �l, fill vol. 0.6 �l, pro dwell 1 s, post dwell 2 s).

The most prominent reduction of the memory effect is
observed from the bulk of routine data (Fig. 2). This reduc-
tion can be explained by replacement of the injection port liner
to a type with greater length and larger diameter (Group I:
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Table 2
Test of possible memory effect parameters

Total

Test name f1 f1 (slow) Half range injections f1 (fast) Half range injections R2 n

Test 2 (LAS injection needle)
Pre washed needle 2.14% 0.355 ± 0.004% 2.3 ± 0.3 1.8 ± 0.8% 0.30 ± 0.02 1.000 4
Normal configuration 2.14% 0.503 ± 0.016% 2.1 ± 0.6 1.6 ± 0.8% 0.19 ± 0.12 0.991 3

Test 3 (GC-column temperature dependence)
GC @40 ◦C 1.68% 0.446 ± 0.002% 2.5 ± 0.1 1.2 ± 0.3% 0.32 ± 0.01 1.000 2
GC@120 ◦C 1.86% 0.513 ± 0.004% 2.3 ± 0.2 1.3 ± 0.4% 0.36 ± 0.03 0.999 2
GC@180 ◦C 1.81% 0.466 ± 0.013% 1.6 ± 0.2 1.3 ± 0.6% 0.36 ± 0.04 0.999 2

Test 4 (analysis time length)
Time @214 s 1.65% 0.513 ± 0.004% 2.5 ± 0.2 1.1 ± 0.9% 0.29 ± 0.04 0.998 3
Time @276 s 1.82% 0.592 ± 0.003% 3.1 ± 0.3 1.2 ± 2.4% 0.26 ± 0.05 0.997 3
Time @335 s 1.66% 0.420 ± 0.003% 3.0 ± 0.4 1.2 ± 1.3% 0.29 ± 0.05 0.997 6
Time @397 s 1.57% 0.367 ± 0.003% 3.1 ± 0.5 1.2 ± 0.9% 0.32 ± 0.05 0.996 3

All data obtained using �D transitions above 2500‰, GC temperature at 160 ◦C (except for Test 4), ThermogreenTM LB-2 septa and the similar LAS injection
configuration (injection vol. 0.4 �l, wash cycles 3, see also note to Table 1). The coefficients f1 and the half range given in injections are calculated from the least
square fits of the data by Eq. (2).

Table 3
Test of the memory correction formula, Group I data

Batch A: prior to samples B: interspersed between samples C: post to samples Comparing test Group B with sequence (A + C)

Corrected �D (‰
VSMOW)

Uncorrected �D (‰
VSMOW)

Corrected �D (‰
VSMOW)

Corrected �D (‰
VSMOW)

Uncorrected
(msd)

Corrected
(msd)

GRIP1 −300.90 ± 0.33 (5) −300.18 ± 0.36 −300.39 ± 0.28 (4) −300.90 ± 0.23 (5) 0.52 0.26
GRIP2 −300.90 ± 0.49 (5) −302.24 ± 1.24 −301.47 ± 0.43 (6) −300.90 ± 0.45 (5) 1.80 0.33
GRIP3 −300.90 ± 0.64 (5) −300.83 ± 0.25 −300.70 ± 0.32 (6) −300.90 ± 0.53 (5) 0.00 0.04
GRIP4 −300.90 ± 0.37 (5) −300.80 ± 0.77 −300.64 ± 0.84 (6) −300.90 ± 0.55 (5) 0.01 0.07
GRIP5b −300.90 ± 0.33 (5) −299.33 ± 1.31 −299.95 ± 1.00 (3) −300.90 ± 0.68 (5) 2.46 0.90
GRIP6 −300.90 ± 0.41 (5) −300.00 ± 0.32 −300.93 ± 0.18 (5) −300.90 ± 0.22 (5) 0.81 0.00
GRIP7 −300.90 ± 0.49 (5) −300.34 ± 0.52 −301.42 ± 0.70 (6) −300.90 ± 0.32 (5) 0.31 0.27

−300.90 ± 0.17 (35) −300.53 ± 0.30 −300.79 ± 0.23 (36) −300.90 ± 0.17 (35) 0.85 ± 0.94 0.27 ± 0.31

msd: mean squared difference.

Fig. 4. Test 2: the memory effect of the injection syringe. Circular symbols:
normal injection setup (see text). Squared symbols: a separate syringe has been
used for each standard. Fig. 5. Test 3: the memory effect dependence GC-column temperature.
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Table 4
Test of the memory correction formula, Group II data

x Sample �DRAW (‰) T (‰) M1,x (‰)
∑

M2,x to
M18,x (‰)

�DRAW (corrected)

(‰)
�Dtrue

(‰ VSMOW)
�Duncorrected

(‰ VSMOW)
msd �Dcorrected

(‰ VSMOW)
msd

1–18 SUMMIT �DRAW: −140.4 1.0‰ (n = 18, last five measurements used for estimating �DRAW)

19 INSTAAR BW1 99.8 245.4 5.6 0.0 105.4 −123.3 −127.7 19.6 −123.2 0.0
20 KBH22 52.9 −52.2 −1.2 1.5 53.2 −168.8 −165.3 * −165.1 *

21 INSTAAR WAIS 4.3 −49.4 −1.1 0.6 3.8 −204.5 −204.4 0.0 −204.8 0.1
22 CRETE −64.0 −69.1 −1.6 0.3 −65.3 −261.6 −259.2 5.6 −260.3 1.8
23 INSTAAR GW1 −115.1 −51.1 −1.2 −0.2 −116.4 −300.9 −300.3 0.4 −301.3 0.2
24 GLACIAL −277.3 −164.9 −3.7 −0.4 −281.4 −433.0 −430.5 6.1 −433.8 0.6
25 DOMEC −290.9 −11.0 −0.2 −1.2 −292.3 −441.6 −441.5 0.0 −442.6 1.0
26 GLACIAL −280.4 11.3 0.3 −0.9 −281.0 −433.0 −433.0 0.0 −433.5 0.2
27 INSTAAR GW1 −119.5 164.6 3.8 −0.6 −116.4 −300.9 −303.8 8.4 −301.3 0.1
28 CRETE −68.7 49.2 1.1 0.5 −67.1 −261.6 −263.0 2.0 −261.7 0.0
29 INSTAAR WAIS 1.2 70.4 1.6 0.5 3.3 −204.5 −206.9 5.7 −205.2 0.5
30 KBH22 51.4 50.1 1.1 0.8 53.3 −168.8 −166.5 * −165.0 *

31 INSTAAR BW1 103.7 52.4 1.2 0.9 105.8 −123.3 −124.5 1.6 −122.9 0.1
32 KBH22 52.8 −53.2 −1.2 1.0 52.5 −168.8 −165.4 * −165.6 *

33 INSTAAR WAIS 3.4 −49.8 −1.1 0.4 2.7 −204.5 −205.1 0.3 −205.6 1.3
34 CRETE −65.5 −69.7 −1.6 0.1 −67.1 −261.6 −260.5 1.3 −261.7 0.0
35 INSTAAR GW1 −115.2 −49.6 −1.1 −0.3 −116.6 −300.9 −300.3 0.3 −301.4 0.3
36 GLACIAL −275.9 −163.5 −3.7 −0.5 −280.1 −433.0 −429.4 12.8 −432.7 0.1
37 DOMEC −291.4 −12.9 −0.3 −1.4 −293.0 −441.6 −441.9 0.1 −443.1 2.3
38 GLACIAL −279.7 12.6 0.3 −1.0 −280.4 −433.0 −432.5 0.3 −433.0 0.0
39 INSTAAR GW1 −118.6 164.9 3.8 −0.7 −115.5 −300.9 −303.1 4.6 −300.6 0.1
40 CRETE −67.0 50.0 1.1 0.4 −65.5 −261.6 −261.7 0.0 −260.4 1.5
41 INSTAAR WAIS 2.5 70.0 1.6 0.5 4.5 −204.5 −205.9 1.8 −204.2 0.1
42 KBH22 53.0 50.4 1.1 0.8 54.9 −168.8 −165.3 * −163.7 *

43 INSTAAR BW1 102.2 49.3 1.1 0.9 104.2 −123.3 −125.7 6.1 −124.1 0.8
44 KBH22 54.5 −49.9 −1.2 0.9 54.3 −168.8 −164.1 * −164.2 *

45 INSTAAR WAIS 3.5 −51.5 −1.2 0.4 2.7 −204.5 −205.0 0.2 −205.6 1.2
46 CRETE −64.1 −68.4 −1.6 0.0 −65.6 −261.6 −259.3 5.2 −260.5 1.2
47 INSTAAR GW1 −115.4 −51.2 −1.2 −0.3 −116.9 −300.9 −300.5 0.2 −301.7 0.6
48 GLACIAL −277.0 −164.3 −3.7 −0.5 −281.2 −433.0 −430.3 7.3 −433.6 0.4
49 DOMEC −291.4 −11.8 −0.2 −1.4 −293.0 −441.6 −441.9 0.1 −443.1 2.3
50 GLACIAL −279.1 13.3 0.3 −1.0 −279.7 −433.0 −432.0 1.1 −432.4 0.3
51 INSTAAR GW1 −118.7 164.1 3.7 −0.7 −115.7 −300.9 −303.2 5.1 −300.7 0.0
52 CRETE −66.2 51.0 1.2 0.4 −64.6 −261.6 −261.0 0.3 −259.7 3.6
53 INSTAAR WAIS 0.8 67.4 1.5 0.5 2.8 −204.5 −207.2 7.3 −205.6 1.2
54 KBH22 51.9 51.0 1.1 0.8 53.8 −168.8 −166.1 * −164.6 *

55 INSTAAR BW1 103.4 51.6 1.2 0.9 105.4 −123.3 −124.8 2.4 −123.2 0.0
56 KBH22 54.3 −51.3 −1.2 1.0 54.1 −168.8 −164.2 * −164.4 *

57 INSTAAR WAIS 4.7 −50.2 −1.1 0.4 3.9 −204.5 −204.0 0.2 −204.6 0.0
58 CRETE −63.9 −69.4 −1.6 0.0 −65.5 −261.6 −259.2 5.9 −260.4 1.5
59 INSTAAR GW1 −115.7 −51.8 −1.2 −0.3 −117.2 −300.9 −300.8 0.0 −302.0 1.1
60 GLACIAL −276.1 −163.1 −3.7 −0.5 −280.3 −433.0 −429.6 11.8 −432.9 0.0
61 DOMEC −290.9 −12.2 −0.2 −1.4 −292.5 −441.6 −441.5 0.0 −442.7 1.3
62 GLACIAL −278.8 13.1 0.3 −1.0 −279.5 −433.0 −431.8 1.5 −432.2 0.6
63 INSTAAR GW1 −119.2 163.3 3.7 −0.7 −116.2 −300.9 −303.6 7.2 −301.1 0.0
64 CRETE −68.2 49.6 1.1 0.4 −66.6 −261.6 −262.6 0.9 −261.3 0.1
65 INSTAAR WAIS 2.3 71.0 1.6 0.5 4.4 −204.5 −206.0 2.1 −204.3 0.1
66 KBH22 52.4 49.9 1.1 0.8 54.3 −168.8 −165.7 * −164.2 *

67 INSTAAR BW1 106.1 53.9 1.2 0.9 108.2 −123.3 −122.6 0.5 −120.9 5.5

3.3 ± 4.3 0.9 ± 1.1

msd: mean squared difference.
* All �D values of the standard KBH 22 are enriched compared to the consensus �D value indicating that the bottle from which this standard was taken is leaking.

Thus, the standard KBH 22 is not considered in the analysis.

L = 69 mm, i.d. = 2.1 mm; Group II: L = 99 mm, i.d. = 3.2). The
strong influence of the injection port geometry on the memory
effect can be due to its high ability to adsorb water vapour as it
is made of stainless steal. A wider and longer liner increases the
volume to surface ratio such that the adsorption probability for

water molecules is much smaller as suggested by Morse et al.
[38].

Empirically it has been found that the memory coefficient
data (Groups I and II, Fig. 2) from the bulk analysis are
well described by a double exponential decay function [26,42].
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Thus, despite the reduced magnitude of memory effect between
Groups I and II, the long range of the memory effect remains
similar. A prolonged decay of the memory effect has also been
reported elsewhere [16,40,57]. It may indicate that the memory
effect originates from two different sources. Furthermore, these
observations taken together indicate that a constant amount of
water or hydrogen gas is adsorbed on the surface of the inlet
system [38].

Within Group II the memory effect shows minor variations,
ranging from 1% to 2.5%. The causes of the observed varia-
tions are difficult to pinpoint as often more than one system
parameter is changed at the same time. Several authors have
noted that the reactants and the packing of reactants in the reac-
tor tube may cause significant memory effects [14,15,57,58].
Initially a mixing ratio of chromium and quartz chips of 4 to
1 with bottom filling of quartz chips was applied for routine
analysis. The reactant replenishment rate and durability of this
reactor packing was observed to be greatly varying in contrast
to the findings by Itai and Kusakabe [58]. Therefore, by the
method of trial and error other chemical packing configurations
were explored. The best configuration seems to be of a reac-
tor tube void of the bottom dead volume and using a chemical
packing of pure chromium powder without any quartz chips.
This reactor packing of pure chromium powder has been found
to last more than 2000 injections. Similar findings have been
reported by Nelson and Dettman [15]. However, they experi-
m
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Using two separate syringes, one for each measured standard,
the memory coefficients were determined according to Eq. (2),
and compared to the memory coefficients determined employing
one syringe and 3 wash cycles (Test 2, Fig. 4). As seen from
Table 2 the first memory coefficient φ1 determined by either
method are equal. Hence, the syringe contributes by a negligible
amount to the total memory effect for this configuration.

Test 3 and Fig. 5 indicate that the GC-column temperature
has no impact on the memory effect, or at least, that it clearly
appears to be a minor factor. At first this may seem as a sur-
prising result as GC-columns are liable to have memory effects
as they are adsorbing/desorbing the gaseous molecules (see, for
example, [25,59]). Therefore, increasing the temperature of the
GC-column should be expected to result in a decrease in the time
interval between adsorption and desorbtion and thereby decrease
the memory effect. However, the GC-column used for CF-EA
hydrogen analysis is a molecular sieve GC-column. Thus, in
principle only scattering with molecular sieve particles should
occur and this should not result in intersample memory effects.

Reducing the analysis time is of great importance to total
sample throughput. On the other hand, increasing the analysis
times may be expected to reduce the memory effect as the system
cleaning time between subsequent samples is prolonged due to
the constant helium flow. Therefore, the contribution of total
analysis time has been investigated. As can be seen from Test
4 (Table 2) the memory effect is not significantly influenced by
t
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ented on mixing different mesh sizes of chromium in order to
ncrease the total reactive surface of chromium in the reactor.
urther they observed that the first injections were reliable to
isplay considerable scatter followed by excellent reproducibil-
ty; an experience also found on this system. Different types of
njection port septa was tried out (Supelco, Hamilton Red Disc
epta (10 mm), Supelco, ThermogreenTM LB-2 (11 mm) and
gilent, Low-Bleed Gray Septa (11 mm)) during routine analy-

is. The Hamilton Red Disc septum was susceptible of bleeding
hereas no difference between the ThermogreenTM LB-2 and
ow-Bleed Gray Septa could be observed. The septa have in
any instances been found to endure the life time of reactant

hemicals, i.e., more than 2000 injections. Even though the data
btained during routine analysis are somewhat inconclusive,
one of the described changes to the inlet system configura-
ion could be correlated to significant changes in the memory
ffect.

Test 1, which is shown in Fig. 3 and Table 1 clearly show
hat there is a negative correlation between the memory effect
nd the sample size: the greater the sample volume, the lower the
emory effect. In general a higher number of washes reduces the
emory effect at a given sample volume. However, the number

f syringe wash cycles has a less pronounced impact on the
emory effect. Test 1 suggests that a sample volume of ≥0.4 �l

nd ≥1 wash cycles is the optimum combination balancing a low
emory effect with a high degree of measuring efficiency. Thus,

he number of syringe wash cycles can be significantly reduced
ompared to other reports [14,15,40,58] and the usage of wash
olvents such as acetone or methanol can be totally avoided
14,27,41,42]. Furthermore, the adoption of only 1 wash cycle
educes the sample analysis time by about 20 s.
he analysis time. Hence, the total analysis time is only restricted
y the H2 peak tailing.

It is an implicit assumption that the memory coefficient φi are
ndependent of the intersample transition step size in order for
he correction formula (4) to work properly. As observed from
ig. 6 the intersample transition step size and the first mem-
ry coefficients φ1 are uncorrelated. In Table 3 (Group I data)
he memory correction formula is evaluated against the mean
quare difference (msd) of the weighted average of the Instaar
W1 measurement prior (A) and post (C) of the samples of the

nterspersed test Group B. Similar Table 4 (Group II data) dis-
lays the mean square difference between the uncorrected and

ig. 6. The first memory coefficient φ1 is displayed as a function of the transition
tep size T. The horizontal lines show the average value and the uncertainty of
he first memory effect coefficients of Groups I and II.
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corrected standards versus their true (consensus) �D value. In
both cases the accuracy of the corrected �D values are improved
significantly.

6. Conclusion

Memory effects are inherent to hydrogen isotope measure-
ments in CF-IRMS systems. The system presented here employs
the chromium reduction technique, and the memory effect has
been investigated in order to optimise the system configura-
tion for both minimal memory effects and time efficient �D
measurements. The most prominent reduction of the inter-
sample memory effect was achieved by the replacement of
the injection port liner resulting in a reduction from 6% to
1–2%.

It may also be concluded that for small samples a few wash
cycles strongly reduces the memory effect of the syringe for
very small injection volumes. It has been shown that the most
optimal combination for low memory effect and short analysis
time is the injection of 0.4 �l of water sample with 1 wash cycle.
Thus, sophisticated wash methods may be avoided. Further tests
showed that the GC column temperature and the total analysis
time did not have a significant impact on the magnitude of the
memory effect. Hence, total analysis time is found to be limited
only by H2 tailing.
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