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Abstract

Several techniques have been introduced in the last decades for the dehydration and release of O2 from biogenic silica
(opal-A) for oxygen-isotope analysis. However, only one silica standard is universally available: a quartz standard
(NBS28) distributed by the IAEA, Vienna. Hence, there is a need for biogenic silica working standards. This paper compares
the existing methods of oxygen-isotope analyses of opal-A and aims to characterize additional possible working standards to
calibrate the d18O values of biogenic silica. For this purpose, an inter-laboratory comparison was organized. Six potential
working standard materials were analysed repeatedly against NBS28 by eight participating laboratories using their specific
analytical methods. The materials cover a wide range of d18O values (+23 to +43&) and include diatoms (marine, lacustrine),
phytoliths and synthetically-produced hydrous silica. To characterize the proposed standards, chemical analyses and imaging
by scanning electron microscopy (SEM) were also performed. Despite procedural differences at each laboratory, all methods
are in reasonable agreement with a standard deviation (SD) for d18O values between 0.3& and 0.9& (1r). Based on the results,
we propose four additional biogenic silica working standards (PS1772-8: 42.8&; BFC: 29.0&; MSG60: 37.0&; G95-25-CL
leaves: 36.6&) for d18O analyses, available on request through the relevant laboratories.
� 2011 Elsevier Ltd. All rights reserved.
0016-7037/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The oxygen-isotope composition (d18O value) of bio-
genic silica is widely used as a proxy indicator for paleocli-
mate reconstruction from marine (Matheney and Knauth,
1989; Shemesh et al., 1992; Swann et al., 2008) and lacus-
trine (Shemesh and Peteet, 1998; Rosqvist et al., 1999; She-
mesh et al., 2001; Leng and Marshall, 2004; Mackay et al.,
2008; Tyler et al., 2008) records. Modern, terrestrial (Sha-
hack-Gross et al., 1996; Webb and Longstaffe, 2000; Webb
and Longstaffe, 2002; Hodson et al., 2008) (phytolith) re-
cords underline the potential of d18O in biogenic silica for
climatic reconstruction. The number of studies using this
technique has increased in the last decade and the discipline
has been recently reviewed (Leng and Barker, 2006; Swann
and Leng, 2009). Significant advances have been made in
the cleaning of sediment samples (Morley et al., 2004; Rings
et al., 2004; Swann et al., 2006; Crespin et al., 2008) and in
the ability to quantify and correct for residual contamina-
tion (Lamb et al., 2007; Brewer et al., 2008; Swann and Pat-
wardhan, 2011). Perhaps the greatest remaining analytical
issue concerns removal (or the controlled isotopic exchange
and then removal = “fixing”) of the exchangeable oxygen
contained in hydrous groups during oxygen isotope analy-
ses of biogenic silica. Biogenic silica has an amorphous
structure containing Si–O–Si bonds, Si–OH bonds and
crystallization water (Knauth and Epstein, 1982). These
oxygen-bearing compounds (–OH and H2O) can exchange
freely with the environment, for example with porewater
during burial of diatoms (Mopper and Garlick, 1971; Kaw-
abe, 1978; Mikkelsen et al., 1978; Schmidt et al., 1997;
Brandriss et al., 1998; Moschen et al., 2006). Removal or
fixing of the exchangeable oxygen prior to oxygen-isotope
analysis is therefore crucial since all methods fully react
Table 1
Participating laboratories, and methods used by each laboratory to rem
structural silica.

Laboratory Authors “Si–OH”

removala
Periphery

AWI
Germany

B. Chapligin, H. Meyer,
U. Herzschuh, A. Abelmann

iGFD Laser-Flu
BrF5

NERC
UK

M. Leng, H. Sloane, G.
Swann,

SWF w/
BrF5

Conventi

UNM
USA

J. Dodd, Z. Sharp SWF w/F2 Laser-Flu
BrF5

UWO
Canada

E. Webb, F. Longstaffe CIE Conventi

WIS
Israel

A. Shemesh CIE Conventi
Laser-Flu
BrF5

CEREGE
France

A. Alexandre, F. Sylvestre,
C. Sonzogni

CIE Laser-Flu
BrF5

JAMSTEC
Japan

A. Ijiri, Y. Okazaki iHTR
pre-heating

iHTR

FZJ
Germany

A. Lücke, R. Moschen iHTR
pre-heating

iHTR

a HFD = Helium flow dehydration; CIE = Controlled isotopic exchang
carbon reduction.

b TF = Thermo Finnigan.
the sample and the d18O values reflect all of the liberated
oxygen.

To date, four methods have been established to compen-
sate for the exchangeable oxygen and have been utilized by
one or more of the eight laboratories participating in this
study (Table 1): Labeyrie (1974) and Labeyrie and Juillet
(1982) first introduced (1) the controlled isotopic exchange
(CIE) method. Here, any loosely-bound oxygen is ex-
changed with oxygen from water vapour in equilibrium
with labelled waters of known higher and lower 18O/16O
compared to the biogenic silica. The exchanged samples
are then sintered at more than 1000 �C under high vacuum
for 6–18 h, to crystallize the silica. Sintered samples are
then reacted with a fluorinating reagent such as F2, ClF3

or BrF5 to liberate molecular oxygen in the silica and collect
it for mass spectrometry. A mass balance calculation is used
to obtain the percentage of exchanged oxygen and the
resulting oxygen-isotope composition of the sample, taking
into account the isotopic fractionations between water and
water vapour (Dwater–vapour) and between vapour and the fi-
nal exchanged oxygen (Dvapour–Oexchanged). Other laborato-
ries have adapted, modified and improved this method
(Shemesh et al., 1992; Webb and Longstaffe, 2000; Crespin
et al., 2008).

In the early 1980s, Haimson and Knauth (1983) intro-
duced (2) the stepwise fluorination (SWF) method in which
the biogenic material is heated and partially reacted with a
fluorinating reagent. Oxygen atoms from Si–OH bonds re-
act at lower temperatures because of their lower bond-en-
ergy and thus, are removed first. Once weakly bound
oxygen is released, the sample is again reacted with a fluo-
rinating reagent at a higher temperature and a plateau of
the d18O values is reached that reflects climate-relevant
d18O values from the remaining structural oxygen. The
ove or exchange the hydrous layer and liberate oxygen from the

Mass Spectrometer References

orination, PDZ Europa 20-20 Chapligin et al. (2010)

onal, BrF5 Finnigan MAT-253 Leng et al. (2001)

orination, TFb Delta Plus Dodd and Sharp (2010)

onal, ClF3 TFb Delta Plus Webb and Longstaffe (2000)

onal, BrF5

orination,
Finnigan MAT-250
TFb Delta Plus Adv.

Shemesh et al. (1992)

orination, TFb Delta Plus Crespin et al. (2008)

TFb Delta Plus

TFb Delta
Advantage

Lücke et al. (2005)

e; SWF = stepwise fluorination; iHTR=inductive high temperature
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method was later adopted and refined by Sharp (1990,
1992), Vennemann et al. (2002) and Leng and Sloane
(2008).

Two additional methods for removing the hydrous layer
without isotopic fractionation have been established more
recently: Lücke et al. (2005) use (3) inductive high-temper-
ature carbon reduction (iHTR) in which silica is reduced on
a hot glassy-carbon rod to carbon monoxide (CO) at tem-
peratures of >1550 �C after progressive, thermally-excited
dehydration (up to 1000 �C) under high vacuum. Dehydra-
tion and reduction is performed consecutively in the same
reaction chamber without sample transfer.

The fourth method (4) involves vacuum dehydration.
Labeyrie (1974) and Mopper and Garlick (1971) first ap-
plied this approach in the early 1970s by heating the sam-
ples to 1050 �C under vacuum, but not all exchangeable
oxygen was removed. This method was recently improved
by using (4) inert gas flow dehydration (iGFD) during
which exchangeable oxygen is removed at 1100 �C under
a continuous flow of helium (Chapligin et al., 2010).

Generally, after the removal or fixing of exchangeable
oxygen by the various methods the stable oxygen from
the Si–O–Si structure is liberated either by conventional
(slow reaction in heated nickel cylinders) or laser (fast reac-
tion by laser heating) fluorination under a ClF3, BrF5 or F2

atmosphere. The oxygen is then reduced quantitatively to
CO2 for oxygen isotope analysis or analysed directly as
O2 in the mass spectrometer. Alternatively, Lücke et al.
(2005) reduce the oxygen to CO over graphite as described
earlier.

There is no commercially available “off the shelf” instru-
mentation that is suitable for biogenic silica dehydration
and liberation of free O2 for oxygen-isotope analysis. So,
even laboratories using the same method have a different,
custom-built instrumentation that apart from the method
differences themselves creates a serious need for this com-
parative study. Inter-laboratory comparisons of biogenic
opal-A measurements such as the percentage of biogenic sil-
ica in sediments (BSi (%)) and d30Si values in biogenic silica
have been performed in the last decades (Conley, 1998;
Reynolds et al., 2007). For the determination of d18O values
of biogenic silica only one intra-laboratory comparison be-
tween two analytical methods (CIE, SWF) has been per-
formed previously (Schmidt et al., 1997). Both CIE and
Table 2
Type, origin and references for the working standards.

Supplier Name Abb. Type Description

AWI PS1772-8 PS Diatom Marine sediment

NERC BFC BFC Diatom Lacustrine deposit

CEREGE MSG60 MSG Phytolith Fossil grass phytol

UWO G95-25-CL
(leaves)

G95 phytolith Fresh grass phytoli

FZJ HT HT Kieselgur
(diatom)

Kieselgur (Merck P
No. 1.07910.1000)

NERC NFC NFC Synthetic Chemically precipit
amorphous silica
SWF produced reliable results in that test when comparing
three samples (D18O = 0.1–0.2&, no n provided), although
in one instance a differences in d18O values of up to 3.5&

were observed for a single sample. The main aims of this in-
ter-laboratory comparison are:

� To test if the same (or similar) analytical methods
applied in different laboratories provide reproducible
d18O values (method performance study).
� To test if the four different methods compensating for

the exchangeable oxygen used in eight different labora-
tories result in accurate and reproducible d18O values
(proficiency study).
� To establish new biogenic silica working standards cov-

ering a large range of d18O values that can be distributed
within the scientific community (material certification
study).

2. MATERIALS AND METHODS

2.1. Materials

One goal of the comparison was to establish biogenic sil-
ica working standards with a high reproducibility covering
a large range of d18O values. Currently, there is just one cer-
tified quartz standard available: NBS28 which has a defined
value of d18O = +9.57& (Hut, 1987; Gröning et al., 2007).
It provides a calibration point in this study for evaluating
the precision and accuracy of oxygen-isotope analyses of
anhydrous silica. The standard deviation for NBS28 in all
laboratories but JAMSTEC ranged between 0.1 and 0.2&

(1r), for JAMSTEC the standard deviation was 0.36&

(1r, n = 24). However, NBS28 is not sufficient as a refer-
ence material for biogenic silica, since (1) its d18O value is
much lower than that of most biogenic opal which could
cause errors in case of non-linearities of the instrument,
and (2) it cannot be used to test the reproducibility of direct
dehydration or CIE processes. To fill this void, six biogenic
silica samples (Table 2, all except NFC have so far been
used as internal laboratory standards and thus are referred
to as working standards in the following text) were chosen,
provided to AWI, split into aliquots and distributed to the
participating laboratories.
Location References

Southern Ocean,
Atlantic Ridge

Gersonde and Hempel (1990) and
Chapligin et al. (2010)

Shastra County,
California, USA

Leng et al. (2001) and
Leng and Sloane (2008)

iths Réunion, France
(Indian Ocean)

Crespin et al. (2008)

ths Wyoming, USA Webb and Longstaffe (2002)

roduct Unknown http://certificates.merck.de and
Lücke et al. (2005)

ated Synthetised in
laboratory

http://www.merck-chemicals.com
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The working standards were selected because of their
high degree of purity and oxygen-isotope reproducibility.
Cleaning procedures had been used to remove potential
contaminants such as carbonates, organics and other min-
eral phases (Juillet-Leclerc and Labeyrie, 1987; Shemesh
et al., 1988; Shemesh et al., 1995; Ellwood and Hunter,
1999; Morley et al., 2004). It is not the aim of this study
to assess possible changes in the isotopic composition intro-
duced by these protocols. The working standards were
thoroughly mixed. They represent different origins and
types (two diatom materials, two phytolith materials, one
heated diatomite, one synthetically-precipitated material
comprising nano-spheres of hydrated silica), and have a
large range of d18O values (approx. +23 to +43&) typical
of lacustrine and marine sediment records. Details for each
working standard material are provided below.

PS1772-8 originates from a sediment core drilled in 1989
in the Southern Ocean (Lat: �55.4583, Long: 1.1633, water
depth 4.137 m, campaign: ANT-VIII/3) from the R/V
Polarstern (Gersonde and Hempel, 1990). The working
standard was taken from a homogenous, diatom-rich sec-
tion of the core (main genera: Fragilariopsis) corresponding
to MIS 5e age. For purification PS1772-8 was treated multi-
ple times with a 1:1 mixture of 65% HClO4 and 65% HNO3

at 60 �C. Recent studies at AWI using the HFD had a long-
term reproducibility of d18O = +43.3 ± 0.3& (1r), n = 27
(Chapligin et al., 2010).

BFC is a diatomite from Shastra County California.
BFC was cleaned by adding HCl (10%) and H2O2 (33%)
at 80 �C for one hour followed by 60% HNO3 at 80 �C
for 2 h. Previous studies at NERC using SWF had the
long-term reproducibility of BFC to be
d18O = +28.9 ± 0.3& (n > 1000). We note that the d18O va-
lue given in Leng and Sloane (2008) is +28.6& ± 0.3&,
n = 25, which was the value over the period of those
experiments.

MSG60 consists of grass phytoliths from Mascareignite
soil, Reunion Island (Indian Ocean) (Crespin et al., 2008).
The dry soil was crushed and sieved at 2 mm. Carbonates
were dissolved using HCl (1N), iron oxides reduced with tri-
sodium citrate (C6H5Na3O7) and sodium dithionite
(Na2O4S2, H2O) and organic matter oxidised using H2O2

(30%). These steps were performed at 50 �C. The working
standard was then sieved at 60 lm and phytoliths densimet-
rically separated using a zinc bromide heavy liquid (ZnBr2)
with a density of 2.3 g cm�3 (Crespin et al., 2008). A previous
study at CEREGE suggests that MSG60 has d18O =
+38.4 ± 0.5&, n > 37 using CIE (Crespin et al., 2008).

G95-25-CL leaves is a phytolith working standard ex-
tracted from a living grass collected close to Cheyenne,
Wyoming (US) (species: Calamovilfa longifolia) (Webb
and Longstaffe, 2002). The grasses were air-dried and dis-
sected into different plant tissues. The leaves were washed
to remove mineral matter. Plant matter was digested using
H2SO4 and H2O2. The phytoliths were subsequently freeze-
dried. A previous study (Webb and Longstaffe, 2002) using
CIE suggests that G95-25-CL leaves (there called “Chey-
enne Wyoming”) has d18O = +36.3& ± 0.1&, n = 8.

HT (Kieselgur) is commercially available at MERCK
(http://www.merck-chemicals.com). The material was
acid-washed and calcinated at 900 �C. Its specifications
are listed in the Merck product sheet no. 1.07910.1000. Its
first published oxygen-isotope composition – under the
name “Opal-1” – is d18O = +25.6 ± 0.2&, n = 6 (Lücke
et al., 2005) and was obtained using iHTR.

NFC is synthetic amorphous silicate material (“Stoeber
spheres”) produced according to the protocol of Stoeber
et al. (1968). This study was the first time this type of mate-
rial has been analysed for its oxygen isotopic composition.

2.2. Methods used for assessing standard purity and structure

Standard purity was evaluated using microscopic, chem-
ical and powder X-ray diffraction methods. Images were
obtained using a ZEISS ULTRA 55 Plus Schottky-type
field emission scanning electron microscope (FESEM) at
the German Research Center for Geoscience, Potsdam.

Chemical compositions (Na, K, Ca, Mg, Mn, Ti, P, S,
and Si displayed as oxides) were measured using X-ray fluo-
rescence (XRF) spectrometry at the British Geological Sur-
vey (NERC laboratory, Keyworth, UK) (Lamb et al., 2007;
Brewer et al., 2008). One gram of each working standard
was first subjected to loss on ignition (LOI) for 1 h at
1050 �C. The working standard was then mixed with ap-
prox. 9 g of Li-tetraborate flux and after fusion the melts
were cast into beads. The beads were analysed using an Axi-
os Advanced X-ray spectrometer (Panalytical, Almelo,
Netherlands) equipped with a 60 kV generator and 4 kW
rhodium (Super Sharp) end-window X-ray tube. The data
were processed using the PANalytical SuperQ XRF soft-
ware. Results were normalised to 100% after correction
for LOI. To evaluate the source of the LOI (i.e. chemically
bound water and/or organic matter) total carbon (TC), to-
tal nitrogen (TN) and total sulphur (TS) contents were mea-
sured for each working standard using a ‘vario EL III’-
CNS-Elemental Analyzer at AWI.

To test for crystalline contaminants X-ray diffraction
(XRD) analyses were performed at the University of Wes-
tern Ontario (UWO) using a Rikagu Rotaflex RTP-300
rotating Co-anode X-ray diffractometer operated at
45 kV, 160 mA and a scan rate of 10� two-theta per minute
(Webb and Longstaffe, 2000, 2002).

For determination of the silicon coordination of the
amorphous silica (Si(OSi„)n(OH)4�n; n < 4) and to quan-
tify the amount of silanol groups (Bertermann et al.,
2003; Leng et al., 2009) nuclear magnetic resonance
(NMR) analyses were conducted at the University of Ox-
ford following the method of Bertermann et al. (2003).
The amount of silanol groups was estimated from this anal-
ysis. For this, mass percentages for removable –OH groups
were calculated by using the following equation:

OHexchðwt:%Þ ¼ Q2ð%Þ
MðOHÞ2

MðSiOðOHÞ2Þ
þQ3ð%Þ

MðOHÞ
MðSiO1:5ðOHÞÞ

where Qn (Q2, Q3) represents a silicon atom and “4 – n” de-
notes the number of –OH groups (n = 1 to 4) surrounding
the silicon atom. All other bonds are Si–O–Si and do not
contribute to the percentage of exchangeable oxygen
(wt.%). Q1 was neglected as no groups of this coordination
type were detected in any standard. However, this

http://www.merck-chemicals.com


7246 B. Chapligin et al. / Geochimica et Cosmochimica Acta 75 (2011) 7242–7256
calculation does not take any crystallization water into ac-
count, so the results provide only an estimate of removable
–OH groups.

2.3. Methods for d18O analysis

Eight laboratories participated in the inter-laboratory
comparison (Table 1). As this inter-laboratory comparison
was intended to function as a method performance and a
proficiency study, the four different methods used for the
removal or fixing of exchangeable oxygen (iGFD, SWF,
CIE, iHTR) and the different oxygen extraction techniques
(laser and conventional fluorination, iHTR) were investi-
gated. The Alfred Wegener Institute (AWI, Germany) uses
inert gas flow dehydration (iGFD) with Helium (HFD).
The NERC Isotope Geosciences Laboratory (NERC,
UK) and the University of New Mexico (UNM, USA) em-
ploy Stepwise Fluorination (SWF). Three laboratories –
Weizmann Institute of Science (WIS, Israel), the University
of Western Ontario (UWO, Canada) and the Centre Euro-
péen de Recherche et d’Enseignement des Géosciences de
l’Environnement (CEREGE, France) – use controlled iso-
tope exchange (CIE) while The Japan Agency for Marine-
Earth Science and Technology (JAMSTEC, Japan) and
the Forschungszentrum Jülich (FZJ, Germany) use the
inductive high-temperature carbon reduction method
(iHTR).

For the oxygen extraction either conventional fluorina-
tion in nickel cylinders with a minimum of 6–8 mg of silica
(NERC, UWO, WIS), laser-fluorination with approx.
1.5 mg of silica (AWI, WIS, CEREGE, UNM) or the iHTR
method with a sample amount of approx. 0.8 mg was used
(JAMSTEC, FZJ). The isotopic analyses were performed
on one of O2 (AWI, UNM, CEREGE), CO2 (NERC,
UNM, UWO, WIS) or CO (JAMSTEC, FZJ) using single
inlet (AWI), dual inlet (WIS, CEREGE, UWO, NERC,
UNM) or continuous flow systems (JAMSTEC, FZJ).
The various mass spectrometers, inlet systems and types
of gases analysed are widely accepted to provide reliable re-
sults and thus, are not a topic of this paper. Details of each
methods and the specific instrumentation used in each lab-
oratory have been introduced above and are published else-
where (see Table 1, Labeyrie, 1974; Sharp, 1990; Shemesh
et al., 1992; Webb and Longstaffe, 2000; Leng et al.,
2001; Lücke et al., 2005; Dodd and Sharp, 2010; Chapligin
et al., 2010). All d18O values from all laboratories are rela-
tive to VSMOW.

2.4. Test design and calibration

Between the eight laboratories it was agreed to ideally
analyse each working standard at least ten times. However,
the duration of sample processing varies among the labora-
tories and throughput ranges from 2 (e.g. 10 samples over 5
days for CIE and conventional fluorination at UWO) to 20
samples per day (iGFD and laser fluorination at AWI). For
the laboratories using the CIE method, three to nine anal-
yses for each exchange with water vapour (‘18O-rich’ and
‘18O-poor’) were performed. For each standard the percent-
age of exchange and one d18O value for the structural oxy-
gen was calculated from the two mean d18O values obtained
when the exchangeable oxygen was exchanged with 18O-en-
riched and 18O-depleted vapour, respectively.

All laboratories used NBS28 (d18O = +9.57&) as a cer-
tified standard for calibration when calculating the oxygen-
isotope composition of the working standards used in the
inter-laboratory comparison. UWO additionally used the
certified biotite standard NBS30 (+5.12&) to perform a 2-
point calibration. Further internal standards were used in
each laboratory that had been previously calibrated to
NBS28 on the same instrument (Campolungo, (Chapligin
et al., 2010) at AWI, +26.7&; KGa-1 at UWO, +21.5&;
ORX at UWO, +11.5&, SR2-1B (Dodd and Sharp, 2010)
at UNM +32.2&). FZJ performed a 2-point calibration
with NBS28 and an internal standard (Campolungo) that
has a d18O value of +26.7& (Chapligin et al., 2010). Earlier
results for biogenic silica d18O values using a previous 2-
point calibration employing NBS28 and a sample of Ethmo-

discus Rex (E. Rex) first analysed by Schmidt et al. (1997)
(two methods: CIE +43.5 ± 0.2&; SWF +46.8 ± 0.8&

and assuming +46.8& as the accurate value) deviated
increasingly from the average of all laboratories when
working standards with higher d18O values were analysed
(data set: “FZJ”). This indicates that this assumption
should be revised. Re-analysis of E. Rex at the Alfred
Wegener Institute (+43.5 ± 0.3& (1r), n = 2) confirmed
the d18O value of Schmidt et al. (1997) using CIE. Applying
the 2-point calibration with NBS28 and Campolungo the
FZJ analyses for E. Rex were +43.4 ± 0.2& (n = 4) and
the d18O values of the biogenic silica working standards
examined in this study were then in agreement with the
averages obtained from the other laboratories. Therefore,
all results used in this comparison from FZJ were recali-
brated with NBS28 (+9.6&) and E. Rex (+43.4&) (data
set: “FZJ rec”). All other internal standards additionally
used in the laboratories during this inter-laboratory com-
parison were found within a SD of 0.2–0.3& and thus, ver-
ify the reliability of previous results.

2.5. Statistical treatment of data

Normal distributions of the results within one labora-
tory’s set and of all means of the sets were tested by apply-
ing a David Test:
G ¼ X max � X min

SD
where G is the test statistics (significance level a = 0.05,
depending on n) and SD the standard deviation. For the
laboratories using the CIE method the David test was ap-
plied to the results of both exchanges (CIE1, CIE2). For
data sets with only a few repetitions the test might not be
significant, given the limited number of analyses performed
(3 6 n 6 19).

After the verification of a normal distribution a Grubbs’
Test was applied to detect two kinds of outliers: (1) Outly-
ing results for individual laboratories were removed and not
taken into account when calculating the mean d18O value
for a given working standard for that laboratory. (2) Mean
values from a given laboratory that deviated unacceptably
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from other laboratories were excluded and the pooled val-
ues calculated without these outliers. The Grubbs’ tests
were iterated until no outlier was detected according to
the following formula:
Fig. 1. SEM photomicro
working standards (MSG
amorphous silica and its
G ¼ jxi � xj
SD
where G is the test statistics (significance level a = 0.05,
depending on n) and x and SD denote the sample mean
and standard deviation, respectively.

The laboratories using the CIE method provided
between three and nine results for each exchange for which
the mean and the standard deviation from both exchanges
were calculated and mass-balance corrections applied to
determine the percentage of exchangeable oxygen (X) and
the final d18O values. For better comparability with results
from the other laboratories, all theoretically possible pairs
graphs of the standards. Top (a and b): 2 diatom
60, G95-25-CL-leaves), bottom left (e): calcinat
nano-structure (NFC).
from the two exchanges were selected for calculation of X
and for the standard deviation of the final d18O values.
Using this approach the mean values remained the same,
whereas the standard deviations were generally lower than
the mean standard deviation calculated separately for
SDCIE1 and SDCIE2.

A working standards-versus-laboratories spreadsheet
containing normalized mean values was used as an input
data matrix for multivariate analyses. Non-metric multidi-
mensional scaling (nmMDS) is an effective tool to explore
the patterns of variation in multivariate data sets. NmMDS
provides an optimal low dimensional mapping that pre-
serves the rank ordering of sites while avoiding the assump-
tion of data normality (Kruskal, 1964; Clarke and
Ainsworth, 1993). Calculation of the dissimilarity matrix
was performed using Euclidean distance as dissimilarity
measure; missing values were excluded from the distance
working standards (PS1772-8, BFC), middle (c and d): 2 phytolith
ed Merck Kieselgur (HT), bottom right (f): synthetically-produced
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calculations. NmMDS was run on two, three and four
dimensions, respectively, to test the stress value, which is
an indicator for the goodness of fit between original dis-
tances and fitted values. The three- and four-dimensional
model produced an insignificant reduction in stress, and
thus a two-dimensional model, being the most parsimoni-
ous model, was chosen. Patterns of variation in laboratories
as well as in working standards were investigated.

3. RESULTS AND DISCUSSION

3.1. Standard purity

SEM photomicrographs (Fig. 1) provide a detailed vi-
sual impression of all working standards (note the different
scales). They reveal a greater amount of extraneous mate-
rial in working standard PS1772-8 (Fig. 1a) than in working
standard BFC (Fig. 1b). Grass phytoliths are shown in
MSG60 (Fig. 1c) and G95-25-CL-leaves (Fig. 1d). The
glossy surface of the HT Kieselgur working standard
(Fig. 1e) results from calcination, a process during which
the working standard is heated to 1050 �C for several hours.
The nano-spheres of the working standard NFC are re-
solved clearly and have a size of approx. 200 nm (Fig. 1f).
The XRF results in Table 3 show that the normalized
SiO2 percentages are >99% for all of the proposed working
standards except HT (94.2%) and BFC (97.2%). The low
percentage total for NFC (95.02%) can be attributed to
the difficulty in getting precipitated amorphous silica to
form a fused bead. For HT, Al2O3, Na2O and Fe2O3 con-
tents are greater than 1.4% each, indicating a contamina-
tion by either clay or artificial additives such as soda used
in the calcination process. BFC has a high aluminum con-
tent (2.1%) possibly resulting from low abundances of
impurities e.g. traces of clay that might be poorly crystalline
and not detectable by XRD. Total carbon (TC) concentra-
tions were low (<0.5%, detection limit: 0.05%) for all work-
ing standards as were total nitrogen (TN) concentrations
(below detection limit <0.1%) except for working standard
Table 3
XRF results (in wt.%) for the working standards. After subtracting the
working standards show SiO2 percentages between 94.23% and 99.99%.

Standard SiO2 TiO2 Al2O3 Fe2O3t Mn3O4 MgO

PS 94.92 <0.01 0.09 0.02 <0.01 <0.05
BFC 92.53 0.09 2.01 0.43 0.001 0.06
MSG60 94.78 0.19 0.16 0.20 0.01 <0.05
G95 92.52 0.02 0.32 0.02 <0.01 <0.05
HT 93.28 0.22 1.41 1.45 0.01 0.15
NFC 89.54 <0.01 <0.01 0.01 <0.01 <0.05
XRF – Normalized to 100% w/o LOI

Standard SiO2 TiO2 Al2O3 Fe2O3t Mn3O4 MgO

PS 99.49 bdl 0.09 0.02 bdl bdl
BFC 97.15 0.09 2.11 0.45 0.00 0.06
MSG60 99.19 0.20 0.17 0.21 0.01 bdl
G95 99.03 0.02 0.34 0.02 bdl bdl
HT 94.23 0.22 1.42 1.46 0.01 0.15
NFC 99.99 bdl bdl 0.01 bdl bdl

bdl = below detection limit.
NFC (TN = 0.8%), which likely reflects the ammonia solu-
tion in which the spheres were precipitated. Total sulfur
concentrations were <0.2% in all working standards (detec-
tion limit: 0.05%). Generally, all working standards, except
for HT and BFC, are of extremely high purity. Thus, the
suitability of any proposed material as a working standard
for oxygen-isotope analyses depends principally on the
reproducibility of its d18O values across the various meth-
ods tested here.

3.2. Standard structure

Since the TC analyses show that carbon did not con-
tribute significantly to the LOI, the LOI must indicate
varying amounts of hydroxyl groups and crystallization
water among the working standards. HT contains almost
no exchangeable oxygen (LOI = 0.35%) whereas NFC
has the highest content (5.47%) of hydroxyl groups and
crystallization water to be removed prior to analysis.
Powder XRD and NMR results can be used to obtain
further insight into this variation. Jones et al. (1964) first
demonstrated with XRD spectra that opals can have a
wide structural range from amorphous to crystalline.
Here, the XRD analyses revealed that five (BFC,
PS1772-8, MSG60, G95, NFC) out of six working stan-
dards have a broad, pure amorphous silica (opal-A) peak
(Fig. 2). Sample G95-25-CL leaves also contains a small
quartz peak with a d-spacing of 0.334 nm. However,
the height of this diffraction peak, the most intense for
quartz, is very small; hence, the contamination is negligi-
ble. Additionally, no issues with heterogeneity were ob-
served in the previous oxygen-isotope analyses of this
working standard (Webb and Longstaffe, 2002). The dif-
fraction pattern for HT matches that of cristobalite,
which likely developed during the calcination process.
That said, the full width at half maximum (FWHM) of
typical cristobalite peaks is narrower, e.g. at the largest
peak (d-spacing = 0.406nm; FWHMcristobalite = 0.015 nm;
FWHMHT = 0.034 nm). In addition, the shoulder
loss on ignition (LOI) and normalizing the contents to 100%, the

CaO Na2O K2O P2O5 SO3 LOI Total

0.03 0.27 0.08 <0.01 <0.1 3.30 98.71
0.07 <0.05 0.05 <0.01 <0.1 4.27 99.51
0.08 0.06 0.07 <0.01 <0.1 3.71 99.26
0.09 0.22 0.14 <0.01 0.1 5.23 98.66
0.52 1.74 0.08 0.13 <0.1 0.35 99.34

<0.01 <0.05 <0.01 <0.01 <0.1 5.47 95.02

CaO Na2O K2O P2O5 SO3 Total

0.03 0.28 0.08 bdl bdl 100.00
0.07 bdl 0.05 bdl bdl 100.00
0.08 0.06 0.07 bdl bdl 100.00
0.10 0.24 0.15 bdl 0.11 100.00
0.53 1.76 0.08 0.13 bdl 100.00
bdl bdl bdl bdl bdl 100.00



Fig. 2. XRD scans of the working standards (grey) and running
average with a window width of 31 data points (black): HT
Kieselgur has a crystalline structure (opal-CT); all other working
standards show broad peaks of typical opal-A (amorphous silica).

Table 4b
Percent material removed (SWF), water loss from dehydration
(iGFD) or amount of exchangeable oxygen that was fixed prior to
oxygen-isotope analyses of the working standards (CIE) in each
laboratory (%) calculated from volume change (SWF), mass loss
(iGFD) or mass balancing (CIE). The laboratories using iHTR
devices (JAMSTEC, FZJ) cannot determine this parameter prior to
analysis.

Method iGFD SWF CIE

Standard AWI NERC UNM WIS UWO CER

PS 8.3 25.5 20 2.4 6.4 14.4
BFC 8.2 28.9 15 2.1 0.9 5.5
MSG60 8.8 28.9 28 0.2 3.3 4.2
G95 10.8 27.5 14 0.5 5.5 13.7
HT 0.2 13.8 12 2.6 0.6 13.4
NFC 11.6 25.6 40 6.8 2.7 10.0

Table 4a
NMR analysis and calculated –OH group content (wt.%) of the
working standards.

Standard Q2 (%) Q3 (%) Q4 (%) Q4/Q3 Calc. exch. –OH

PS 2.7 30.3 67.0 2.2 9.6
BFC 0.5 21.9 77.7 3.6 6.3
MSG60 0.5 35.3 64.2 1.8 9.7
G95 0.9 40.1 59.0 1.5 11.1
HT 0.0 0.0 100.0 X 0.0
NFC 0.2 70.0 29.8 0.4 18.0
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(0.421 nm) on the largest peak (0.406 nm) indicates that
there is some tridymite ordering within the opal, as it
has been observed in other studies where opal was heated
in the laboratory (Rice et al., 1995). Hence, HT has been
characterized as opal-CT and LOI data verify that no
exchangeable oxygen is present.

Silicon coordination was assessed by NMR analysis
(Table 4a) and the mass percentages for removable –OH
groups were calculated. In a comparison of LOI and
NMR results the same three clusters emerged: HT (0%
LOI and 0% exchangeable oxygen calculated by NMR);
MSG, BFC and PS (3–5% LOI; 5–10% NMR); G95 and
NFC (>5% LOI; >10% NMR). This distinction is of impor-
tance when comparing the percentages of –OH removal
among the different methods (Table 4b).
In summary, the structural analyses identified the HT
Kieselgur working standard as crystalline (opal-CT) and
thus, free of exchangeable oxygen. This working standard
therefore provides a test of whether additional oxygen from
the Si–O–Si structure was removed or exchanged during
individual laboratory procedures, apart from exchangeable
oxygen associated with Si–OH groups. All other working
standards have a similar range of LOI (3–6%), display
amorphous XRD spectra and contain different amounts
of exchangeable oxygen.

3.3. Method performance

Results from laboratories using the same method were
compared both for the amount of oxygen fixed or removed
during dehydration (Table 4b) and the d18O values ob-
tained for each working standard (Fig. 3 and Table 5), as
described below.

3.3.1. Stepwise fluorination (SWF)

Although the same approach for the removal of
exchangeable oxygen is applied by NERC and UNM, differ-
ent reagents are used (NERC: BrF5; UNM: F2). Similar d18O
values were obtained for both laboratories for all working
standards except for the synthetically produced NFC. NFC
reacted vigorously with the F2 during the prefluorination
stage. Thus, only minimal prefluorination could be applied
resulting in an incomplete removal of exchangeable oxygen
and lower d18O values (UNM NFC d18O = 20.5&; pooled
NFC d18O = 27.0&). Therefore the NFC determined at
UNM was considered an outlier. Fig. 3 shows that the



Fig. 3. Summary of d18O values from each laboratory. Methods and type of working standards are grouped to simplify comparison. Outliers
(h), the pooled mean d18O value (solid line) and the standard deviation from the mean (broken line, 1r on both sides) are marked. CEREGE
applied corrections to the original data and FZJ recalibrated measurements (both corrected data sets: red crosses/in the print version in grey).
Note the break and different scale on the d18ONFC axis.

Table 5
Summary of the oxygen-isotope results from all groups relative to VSMOW. For the laboratories applying CIE, all possible pairs from
exchange 1 and exchange 2 were combined resulting in a higher n than analysed. Standard deviations and n are given for both exchanges (in
brackets) and for all pairs. Pooled values are calculated from mean values of all laboratories excluding outlying groups (marked *) and values
before correction/recalibration (CEREGE/FZJ, marked in grey).

(continued on next page)
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Table 5 (continued)

* Outliers (marked CEREGE corr values are based on outlier data; defined as outliers).
** Calculated from laboratories’ mean values excl. outliers.
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d18O values produced by NERC are lower than those of
UNM for 4 of the 5 working standards (excluding NFC).
This may suggest that the use of BrF5 to remove hydrous
groups could lead to lower d18O values caused by insufficient
reaction temperatures or reaction times as stated in Garlick
and Epstein (1967). Apart from NFC, UNM removes more
material during prefluorination than NERC (Table 4b).
However, the lower d18O values obtained by NERC are un-
likely a consequence of incomplete removal as the d18O val-
ues in both laboratories reached a plateau (Leng et al.,
2001; Dodd and Sharp, 2010). Additionally, lower d18O val-
ues can be caused when smaller rather than larger sample
amounts are used (Mattey and Macpherson, 1993; Chapligin
et al., 2010) but NERC uses an approx. 7 mg sample versus
approx. 1.5 mg at UNM. Notwithstanding these variations
and excluding the NFC data, both data sets produce average
d18O values that are within one standard deviation of the
average results from all laboratories and both approaches de-
liver comparable data (Table 5).
3.3.2. Controlled isotopic exchange (CIE)

The laboratories using CIE are WIS, UWO and CERE-
GE. WIS applied laser-fluorination using BrF5 with lower
amounts of sample (0.2–0.3 mg, analysing CO2) for CIE 1
and conventional fluorination for CIE 2 (3–4 mg, analysing
O2). The results show that higher reproducibility can be
achieved with higher initial sample weights (conventional
fluorination, mean SD = 0.24&, 1r) compared to lower ini-
tial weights (laser-fluorination, mean SD = 0.48&, 1r).

UWO applies conventional fluorination using ClF3 for
analysis while CEREGE uses laser fluorination with BrF5.
Borthwick and Harmon (1982) found that no differences
in d18O values accompany the use of one reagent versus
the other. A test conducted at UWO during this inter-labo-
ratory comparison using G95 confirmed this result (BrF5:
+36.3&, n = 8, SD = 0.1&, 1r; ClF3: +36.1&, n = 20,
SD = 0.2&, 1r).

The percentage of exchanged hydrous groups varies sig-
nificantly among the different laboratories using CIE
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(Table 4b). UWO and WIS report 0.5% to 6.5% exchange-
able oxygen whereas CEREGE estimates between 4% and
14%. Differences also exist between the UWO and WIS re-
sults: The highest percentage calculated by WIS matches
the structural observations that working standard NFC is
the most hydrous, whereas UWO reported the highest per-
centage of exchangeable oxygen for working standard
PS1772-8. UWO’s lowest percentage of exchanged oxygen
was determined for the crystalline working standard HT
(0.57%) whereas WIS detected less than 0.52% of ex-
changed oxygen only for working standards MSG60 and
G95. These differences underline the hypothesis of Schmidt
et al. (1997) that the exchangeability of silica is variable
using the CIE method.

Despite the different percentages of removed exchange-
able oxygen the data sets from UWO and WIS show a
mean absolute offset of 0.6& in their mean d18O values
(excluding the standard PS1772-8 from UWO) and are
within the pooled standard deviation of all laboratories.
The mean d18O value of PS1772-8 analysed by UWO was
considered as an outlier compared to all other laboratories.

The mean d18O values of the silica standards analysed by
CEREGE were significantly different from the results ob-
tained by UWO and WIS. The mean d18O values of work-
ing standards at CEREGE (except working standard
MSG60) were treated as outliers (Table 5). It also appeared
that analyses of working standards by CEREGE with high-
er calculated percentages of exchangeable oxygen had d18O
values that deviated even further from the pooled values
(R2 = 0.50). Hence, an effort to correct for a systematic er-
ror was undertaken (c.f. section: correction for CEREGE
values).

3.3.3. Inductive high-temperature carbon reduction (iHTR)

JAMSTEC and FZJ both apply the iHTR method. Per-
centages of removed oxygen are not quantified using this
method in its current setup. The amount of analyte gener-
ated (pressure gauge) in relation to sample dry weight can
be used as relative estimate for removed oxygen. Since the
iHTR analyses are carried out in a continuous-flow setup,
it is preferable to use a two-point calibration method and
replicate analyses to account for the performance of the
instrument and sample inhomogeneities. Differences in the
reproducibility of d18O values obtained with the iHTR
method (Table 5) between JAMSTEC and FZJ potentially
arise from the comparably low quantity of sample analysed
(JAMSTEC: 0.2–0.5 mg; FZJ: 0.8 mg) and a resulting in-
creased influence of sample heterogeneity. To account for
this, FZJ performs replicate analyses of samples and stan-
dards to verify the results and to allow calculation of a stan-
dard deviation for every sample. Due to this routine, every
result reported from FZJ is based on 2–5 replicates each
with ca. 20–25 analyses performed per day. Replicate anal-
yses also account for small memory effects that partly arise
when materials with a large isotope offset (>10&) are mea-
sured consecutively. Two-point calibrations are recom-
mended for all laboratories especially when using the
iHTR method.

Beside the difference in reproducibility, both iHTR data
sets are comparable with a mean absolute offset of 0.8& in
their mean d18O values. Since the offset between the data
sets rises with the absolute d18O values the difference could
be partly due to the calibration methods used. No outliers
of mean d18O values were detected when compared to the
pooled d18O values from all laboratories and both data
set are within the standard deviation of all laboratories
values.

3.4. Proficiency study

The different methods (iGFD, SWF, CIE, iHTR) used
to remove or fix hydrous groups were assessed by compar-
ing the oxygen loss resulting from the treatment or percent
exchanged (Table 4b) and the resulting d18O values (Fig. 3;
Table 5). The SWF method removes by far the most mate-
rial (average volume loss during standard analyses in both
laboratories is 22%, excluding outliers). In addition to the
exchangeable oxygen from hydrous groups, oxygen from
inner opal-A structure is also removed by this method.
However, as the final d18O values are similar to those ob-
tained with other methods, it is evident that removal of
the hydrous plus some structural oxygen does not result
in fractionation of the residual stable oxygen (Matheney
and Knauth, 1989).

AWI is the only laboratory in this study to utilize inert
Gas Flow Dehydration. The percentage of hydrous groups
removed by this method (0.2–11.6%) provides a reasonable
match to the three clusters of volatile content defined by the
LOI (Table 3) and NMR analyses (Table 4a). The percent-
ages of exchanged oxygen calculated by the laboratories
using CIE varies (UWO/WIS: 0.5–6.8%; CEREGE: 4.2–
14.4%) and the results lie between those obtained using
the iGFD and SWF methods. However, as the calculated
results of UWO and WIS are within the pooled standard
deviation of all laboratories, the amount of material lost
via SWF, the amount of water/–OH groups removed by
iGFD and the number of OH- groups exchanged by CIE
have no impact on the final d18O value.

Pooled d18O values have been calculated from the lab-
oratories’ mean d18O values excluding outliers detected by
the Grubbs’ Test. The d18O values for the two diatom
working standards are +42.8& ± 0.8& for PS1772-8 and
+29.0& ± 0.3& for BFC, respectively. Both results are
similar within error to values published earlier (PS1772-
8: +43.3 ± 0.3&; BFC: +28.9 ± 0.3&) (Chapligin et al.,
2010). The two phytolith working standards have pooled
d18O values of +37.0 ± 0.8& for MSG60 and
+36.6 ± 0.8& for G95-25-CL leaves, which are also with-
in error of the previously published results (MSG60:
d18O = +38.4 ± 0.5&, corrected d18O = +37.4&, cf. Cor-
rection for CEREGE values; G95: d18O = +36.3&)
(Webb and Longstaffe, 2002; Crespin et al., 2008). The
pooled mean value of the synthetically-produced working
standard NFC was +27.0 ± 0.3&. It had not been ana-
lysed previously. The crystalline working standard HT
has a d18O value of +23.2 ± 0.9&. This is significantly
different from the published value of 25.6 ± 0.2& (Lücke
et al., 2005) and testifies the usefulness to adopt a new
d18O value for E. Rex at FZJ (cf. section Test design
and calibration).



Fig. 4. Biplot of the first two axes of non-metric multidimensional scaling regarding (a) laboratories and (b) working standards.
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An overview of the d18O measurements from all labora-
tories is provided in Fig. 3 and Table 5. Outlying mean d18O
values were identified from CEREGE for all values but
working standard MSG60, and from UNM for the working
standard NFC. UWO obtained a high standard deviation
for PS1772-8 and its mean d18O value was also identified
as an outlier. The outlier d18O values for NFC (UNM)
and PS1771-8 (UWO) and all CEREGE d18O values except
MSG60 are not considered further for determining the
pooled d18O values and the pooled standard deviation.
Correction has been made for outlier d18O values produced
by CEREGE (cf. Correction for CEREGE values) and are
included in the discussion below. For the scaling analysis
(nmMDS) (Fig. 4), the uncorrected values of CEREGE
were used to avoid bias and in the UNM data set, the work-
ing standard NFC was treated as a missing value.

The standard deviations of single laboratories for mean
d18O values lie between 0.1& and 0.9& but predominantly
range between 0.2& and 0.3& (valid for 29 out of 41 mean
values, excluding 7 outliers). The pooled standard devia-
tions (all laboratories) of all working standards range be-
tween 0.3& and 0.9& (1r) and provide evidence for
reasonable agreement among the laboratories and method-
ologies. For the detection of similarities between the labora-
tories the nmMDS biplot shows no method related
patterns, that is, a low stress value indicates a good repre-
sentation of the data in two-dimensional space (Fig. 4a).
Thus, any differences in d18O values are not method-
specific, but laboratory-specific. Additionally standards of
the same material do not form clusters in the working stan-
dard-nmMDS biplot (low stress value) indicating that the
type of material does not bias analyses results (Fig. 4b).
However, the plots need to be interpreted with caution as
single values potentially have a strong effect on the models
due to the small sample-size of the data-set.

The standard d18O values can be separated into two
clusters: those with a lower standard deviation (NFC,
BFC: SD = ±0.3&) and those with a higher standard devi-
ation (MSG60, G95, PS1772-8: SD = ±0.8&). Excluding
the crystalline and impure HT (SD = 0.9&), the standard
deviation increased for working standards with pooled
d18O values further from the reference material used for cal-
ibration (NBS28) (pooled d18O value versus pooled stan-
dard deviation: R2 = 0.76). Apart from FZJ and UWO all
laboratories performed a single-point calibration with
NBS28 being the only available quartz reference material
for d18O measurements only. We recommend that two-
point calibrations should be used preferably including a
biogenic standard in the range of the material to be ana-
lysed in order to improve inter-laboratory reproducibility.

If successive batches of NFC were to have reproducible
d18O values, such synthetic products could have a high po-
tential to be used as a working standard. However, NERC
found differences of a few permil between the first and sec-
ond batches of the working standard NFC precipitated to
test this possibility. This suggests that the d18O value of
NFC can be batch-specific. This circumstance, together
with the potential explosive reaction with F2 reagent due
to NFC’s very hydrous form and small grain size argues
against its further use as a working standard.

In summary, we have identified some laboratory-specific
differences in the analysis of biogenic silica d18O values,
which do not necessarily result from variations among the
methods used by the participating laboratories. However,
considering the technical differences the observed pooled
standard deviation for pooled d18O values lies between
0.3 and 0.9& (1r), and reflects a reasonable comparability
of this parameter. This difference could be reduced further
if two-point calibrations were applied using the standards
tested within this inter-laboratory comparison.

3.5. Correction for CEREGE values

The mean d18O values for all working standards mea-
sured at CEREGE (except MSG 60) were distinguished as
outliers from the pooled d18O values. Tests were conducted
at CEREGE to examine any possibility of systematic error:
before the start of the CIE, the working standards were
heated at 350 �C in order to remove possible labile organic
remains that may increase the surface area of the materials;
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the amount of silica subjected to exchange was increased by
6; water-vapour exchange temperature (and associated frac-
tionation factor) was changed; time of vapour-silica ex-
change was increased while the volume of exchange was
reduced by 1/3; the rate of silica dehydration was reduced.
None of these tests produced significant changes in the
dmeasured values. The difference between the two labelled
waters was reduced by 8& which did not change the dsilica

values. Additionally, for two working standards (MSG60,
BFC), vapour-silica exchanges were carried out at three
temperatures (140 �C, 200 �C (usual temperature) and
246 �C). Changes in dmeasured values were the ones expected
from the temperature-dependency of the equilibrium frac-
tionation factors.

The methodological bias assumed to occur during vapour-
silica exchange, remains unexplained but is however repro-
ducible and can be independently quantified For this purpose,
differences were calculated between Dvapour–Oexchanged

values obtained at at 140 and 200 �C for the whole set of
working standards (except NFC) and Dvapour–Oexchanged

values previously calibrated (at 140 and 200 �C) for
diatoms (Labeyrie and Juillet, 1982). These values
(Dvapour–Oexchanged @ CEREGE – Dvapour-Oexchanged from Labeyrie

and Juillet (1982)) were invariant with temperature and did not
show any relationship with the measured percentage of
exchangeable oxygen (R2 = 0.08) but decreased with increas-
ing d18Osilica values (R2 = 0.4 and 0.9 after outlier removal),
which reflects the increasing difference between dsilica values
and the biased dOexchanged values produced at CEREGE. In
a first step, the empirical relationship was used to correct
the values of Dvapour–Oexchanged @ CEREGE as follows:

�
Corrected D1 ¼ D2-1:3 d18Ox þ 78
with:
1 = vapour-Oexchanged at CEREGE
2 = vapour-Oexchanged from Labeyrie and Juillet

(1982)
x = silica at CEREGE
In a second step, the corrected Dvapour-Oexchanged values

were used to correct the d18Osilica values. Differences be-
tween corrected d18Osilica values and the pooled values
range from �0.1& MSG60) to +2.9& (G95) (Table 5,
CEREGE corr). The consistency of this correction was ver-
ified using an independent data set previously obtained at
CEREGE for fresh water diatoms (Crespin et al., 2010).
4. CONCLUSIONS

An inter-laboratory comparison for the d18O values of
biogenic silica was conducted to validate analytical proto-
cols used at different laboratories and to develop new bio-
genic working standards. Six potential working standards
(PS1778-2, BFC, MSG60, G95-25-CL leaves, HT, NFC)
were analysed by eight laboratories (AWI, NERC, UNM,
UWO, WIS, CEREGE, FZJ, JAMSTEC) using four differ-
ent methods to compensate for exchangeable oxygen (CIE,
SWF, iHTR, iGFD) (Table 1). Four of the proposed work-
ing standards have SiO2 contents of >97%, as determined
using XRF and an amorphous SiO2 structure verified by
XRD analysis. The pooled d18O values calculated from
the laboratories’ mean values for the two diatom working
standards are +42.8& for PS1772-8 and +29.0& for BFC,
respectively. The two phytolith working standards have
pooled d18O values of +37.0& for MSG60 and +36.6&

for G95-25-CL leaves. Despite the different analytical meth-
ods utilized, the overall precision for all working standards
lies between 0.3& and 0.9& (1r) while the internal repro-
ducibility for individual laboratories ranges predominantly
between 0.2& and 0.3&. We suggest that these four materi-
als (PS1772-8, BFC, MSG60, G95-25-CL-leaves) are suit-
able for use as oxygen-isotope working standards for
biogenic silica. The proposed working standards are avail-
able from the respective laboratory which supplied the
material.

The mean d18O values obtained by one CIE laboratory
(CEREGE), except for one working standard, were all out-
liers, and a methodological correction for this bias has been
proposed. The results from one iHTR laboratory (JAMS-
TEC) showed a higher standard deviation when a two-point
calibration was not utilized. Small differences in d18O values
(mean SD = 0.5&, excluding outliers) existed between the
laboratories applying SWF.

Notwithstanding these variations, the mean SDs of the
mean d18O values from each cluster of laboratories apply-
ing the same method were only slightly lower than the over-
all mean SD from the pooled values. This indicates that
laboratory-specific variations are greater than any method-
ological ones. Future oxygen-isotope analyses of biogenic
opal should be calibrated using a two-point calibration that
includes NBS28 and one of the proposed new working stan-
dards with a d18O value closest to the sample. This ap-
proach should further decrease any laboratory bias.
Future studies of oxygen isotopes in biogenic silica should
state the biogenic working standard used (type of silica,
d18O value and analytical precision). This will improve
international standardization in the reporting of d18O val-
ues of biogenic silica.
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