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INTRODUCTION

Stable isotope analyses are a relative measurement. The precision is far higher than the 
accuracy, so that subtle isotopic differences must be made relative to a reference. Modern mass 
spectrometers can routinely measure the δ18O value of a gas with a precision of 0.01‰. This is 
20 times more precise than the accuracy of the 18O/16O ratio of VSMOW (Baertschi 1976). It 
is for this reason that isotope analyses, like most analytical measurements, are reported relative 
to standards. The problem faced by the stable isotope community is that different materials 
are measured using different techniques, and direct comparison between them is difficult. 
Heroic efforts have been made to align the different types of analyses to the same scale, so 
that data collected on different materials in different laboratories can be directly compared. 
For traditional δ18O analyses, coalescence around common standards took decades. Triple 
oxygen isotope studies (δ18O and d17O) of terrestrial materials is a relatively new discipline, 
and agreement on standardization is only recently achieving a high level of conformity. In this 
chapter, we first consider the historical path towards standardization for the well-established 
18O/16O ratios. Then the extension to standardization to 17O/16O is discussed with a goal of 
presenting a uniform set of standard values for commonly used reference materials.

There was a time when stable isotope standards didn’t exist. Consider the classic paper 
by Dole (1936), in which he determined the oxygen isotope composition of air relative to 
water. “The atomic weight of oxygen in air is 0.000108 atomic weight units heavier than Lake 
Michigan water”. This was a high precision analysis, considering that it was determined by 
density measurements, but it was far lower precision than what is achievable using modern 
extraction methods and modern mass spectrometers. Precise determinations of relative isotopic 
differences only began in earnest in the 1950s following the development of a dual inlet mass 
spectrometer (McKinney et al. 1950) under the direction of Harold Urey. Urey’s desire to 
develop a carbonate paleothermometer necessitated highly precise oxygen isotope analyses in 
order to obtain temperature estimates in the 1 °C range. This led to the University of Chicago 
group creating what is essentially the modern high precision mass spectrometer (McKinney et 
al. 1950). McKinney’s mass spectrometer measured the ratios of the voltages of 18O/16O of a 
sample gas relative to a reference gas using a set of changeover valves that allowed for rapid 
switching between the two gases. This reduced errors associated with the inevitable drift of 
the sensitive electronics. The 18O/16O ratios were presented by McKinney in what is now the 
ubiquitous delta notation in per mil units as
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In more general terms, delta is given by
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and indeed, early hydrogen isotope measurements were given in % (e.g., Friedman 1953) 
rather than per mil and recent publications have presented Δ′17O values in parts per million 
(ppm or per meg). In this contribution, all additional equations (e.g., Eqn. 7) and delta values 
are given in terms of Equation (1).

While it is generally assumed that the first measurements of oxygen isotope ratios 
were made on CO2 gas, interestingly, McKinney’s original mass spectrometer was used for 
measuring both the isotope ratios of CO2 (the ratio C16O18O/C16O2) and O2 (16O18O/16O2) gas. 
Today, O2 gas is the primary analyte for triple oxygen isotope analyses in order to be able to 
measure the d17O value. It is perhaps surprising to see that, from the very beginning, O2 gas 
was considered as a viable gas for the classic dual-inlet mass spectrometer.

Some of the first high-precision measurements were made by Epstein et al. (1951, 
1953) on natural waters and carbonates, which led to the carbonate–water oxygen isotope 
thermometer. Their paleotemperature equation is given as

t ( °C) = 16.5 − 4.3 δ + 0.14 δ2 (3)

In this equation δ is the difference in the δ18O value of CO2 (in per mil) produced by reaction of 
carbonates with 100% phosphoric acid and the working standard CO2 gas. The reference gas 
was CO2 produced by the reaction of Belemnitella americana from the Peedee formation of 
South Carolina (Urey et al. 1951). They did not measure the δ18O values of either the water or 
the carbonate—only the small difference between the CO2 gases obtained by decarbonating the 
calcite and equilibrating CO2 with water, respectively. As long as their temperature equation 
was calibrated to their own internal reference gas, they would encounter no problems.

Silverman (1951) measured the oxygen isotope composition of silicate rocks. 
The reference gas he used in all analyses was oxygen derived from quartz from the Randville 
pegmatite (Randville, Michigan, USA). In setting the standard for future measurements, he 
adjusted all of his silicate analyses to Hawaii seawater, with an arbitrary δ18O value of 0‰. 
(Hawaii seawater is 0.17‰ heavier than SMOW, Epstein and Mayeda 1953). Presumably 
Silverman fluorinated his water sample to quantitatively extract oxygen (Baertschi 1950). 
In those early years the different laboratories had good communication, and the standards were 
commonly exchanged for cross-comparison. At the Caltech laboratory, for example, Potsdam 
sandstone was the unofficial internal standard for years (Clayton 1959; Taylor and Epstein 
1962) and was calibrated relative to Hawaiian water and, later, mean ocean water.

As the number of stable isotope laboratories grew, it became increasingly imperative to 
develop a coordinated intercalibration so that the data from all labs could be compared with one 
another. Harmon Craig published a detailed presentation of stable isotope standards, combining 
existing standards from the University of Chicago laboratory with samples from the newly 
created National Bureau of Standards, NBS (Craig 1957). These included the NBS Solnhofen 
limestone and NBS 1 (water from the Potomac River, Maryland, Fig. 1). The oxygen isotope 
values of carbonates were reported relative to the PDB carbonate standard, whereas waters were 
reported relative to the NBS 1 water standard. Craig later defined the average ocean water (mean 
ocean water of Epstein and Mayeda 1953) in terms of NBS 1, giving the relationship
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NBS 1 was distributed widely by the National Bureau of Standards and could be used for 
interlaboratory calibration. Later, Harmon Craig collected, distilled and adjusted ocean water 
at the request of the International Atomic Energy Agency (IAEA) to match the original SMOW 
so that it conformed to the defi nition in terms of NBS 1 (Craig 1961). The new reference 
material was called VSMOW (shortened from Vienna SMOW—Fig. 2) to distinguish it from 
the original SMOW (Gonfi antini 1978). At the same time, a second light water standard, 
SLAP (for Standard Light Antarctic Precipitation) was developed, allowing for laboratories 
to have two different water standards with δ18O and δD values that were far apart. The δ18O 
and δD values of VSMOW, by defi nition, are 0‰. Although not envisioned at the time, by 
analogy the δ17O value is also 0‰. SLAP has a δ18O value of −55.5‰ and a δD value of 
−428‰. There is some indication that the actual value of SMOW may be closer to −56.18‰ 
(Verkouteren and Klinedinst 2004). We will stick with the IAEA convention of −55.5‰ for 
SLAP and SLAP2 (IAEA 2006, 2017). An intermediate standard GISP (Greenland Ice Sheet 
Precipitation) has a δ18O value of −24.76‰ and a δD value of −189.5‰ (IAEA 2006). GISP is 
now discontinued and has been replaced with GRESP with a δ18O value of −33.39‰ and δD 
value of −257.8‰ (IAEA 2020) The absolute values for the 18O/16O and D/H ratios of VSMOW 
are 2005.20 ± 0.45×106 and 155.76 ± 0.05×10−6 (see compilation in Table 2.5 of Sharp 2013).

Two formally adopted carbonate standards followed (Friedman et al. 2007). The fi rst, 
NBS 19, essentially replaced PDB as the benchmark marine carbonate value, while the second, 
NBS 18, is a carbonate of igneous origin which has a lower δ18O value, much closer to that of 
the mantle. The δ18O and δ13C of NBS 19 are defi ned as δ18O ≡ −2.20‰ and δ13C ≡ +1.95‰ 
(where ≡ indicates that these values are exact by defi nition to the VPDB scale). NBS 19 is no 
longer available and has been replaced by IAEA 603 with δ18O ≡ −2.37‰ and δ13C ≡ +2.46‰ 
(Assonov et al. 2020).

The relationship between VPDB and VSMOW is given by the equation (Kim et al. 2015)

δ18OVSMOW = 1.03092 δ18OVPDB + 30.92 (5)

updated from the long-used equation (Coplen et al. 1983)

δ18OVSMOW = 1.03091 δ18OVPDB + 30.91 (6)

As we will see, the difference between these two equations is signifi cantly less than the total 
uncertainties in the fractionation factors necessary to construct them.

 

  

 

Figure 2.  
 Figure 1. Unopened sealed vial of NBS 1. Figure 2. The SMOW-1 standard (VSMOW). 

Why, if it is not to be moved, does it have handles? 
[USGS Public Domain].
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Equation (5) allows a comparison of the δ18O values of waters reported to the VSMOW 
scale with carbonates reported to the VPDB scale. Silicates are also anchored to the VSMOW 
scale by the quartz sand reference material NBS 28, a sand donated by Corning Glass Co. 
Friedman and Gleason (1973) introduced this standard and determined its δ18O value relative 
to VSMOW by fluorinating both the quartz and VSMOW to quantitatively extract O2, which 
was then converted to CO2 for isotopic analysis. Their measured δ18O value for NBS 28 was 
10.0‰ ± 0.12 (2σ). Friedman and O’Neil (1977) presented a range of published δ18O values 
for NBS 28 of 9.5 to 9.9‰ from different laboratories (the IAEA reference sheet for NBS 28 
presents a literature range of 8.8 to 10.0‰). There is clearly uncertainty in the δ18O value of 
NBS 28 relative to VSMOW. This illustrates one of the most fundamental problems facing the 
triple oxygen isotope community with regards to standardization—intercalibrating reference 
samples that are traditionally measured using different methods tied to different standards.

INTERCALIBRATING WATERS, CARBONATES AND SILICATES FOR d18O

In order to report the δ18O values of different materials relative to each other, it is critical 
to have all types of phases calibrated to the same standard. The problem is that the methods 
for analyzing carbonates, water, and silicates are completely different. Waters are generally 
analyzed by equilibration with CO2 gas which is then measured on the mass spectrometer 
(although laser spectroscopy methods are now commonly employed, e.g., Steig et al, 2014); 
carbonates are reacted with phosphoric acid to produce CO2; silicates are fluorinated to 
quantitatively produce O2. The results from these three methods are not directly comparable 
and require a correction factor to bring them into agreement. As explained below, the errors in 
these correction factors are far larger than the uncertainty of the analyses themselves.

Water

The standard method for analyzing the δ18O value of water was developed by the biochemist 
and National Medal of Science recipient Mildred Cohn and Nobel laureate coauthor Harold 
Urey over 80 years ago (1938), and is used today virtually unchanged. A trace amount of CO2 
is added to the water sample. The mixture is held at a constant temperature (generally 25 °C) 
for hours to days in order to allow the two phases to come into oxygen isotope equilibrium. 
The CO2 is removed from the reaction vessel, purified and measured on the mass spectrometer. 
Although there is a large fractionation between the water and CO2 gas, as long as there is a 
large excess of H2O and the equilibration process is performed using identical protocol at 
constant temperature, the isotope fractionation between the equilibrated water and CO2 gas 
should be constant. Epstein and Mayeda (1953) compared the δ18O values of many natural 
waters relative to the average of deep marine waters from the different oceans. All of their data 
were therefore relative to MOW (mean ocean water). This ultimately led to the formation of 
the SMOW and later VSMOW and still later VSMOW2 standards.

The isotopic fractionation between CO2 and water is given by
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This is thought to be an equilibrium fractionation (unlike the acid digestion of carbonates—see 
below). It therefore can be determined theoretically as well as experimentally. Theoretical 
determinations give aCO2–water values of 1.042 (Urey and Greiff 1935), 1.039 (Urey 1947) and 
1.0411 (Bottinga and Craig 1969). The difficulty in making this calculation is in the complexity 
of structure of liquid water in comparison to simple diatomic gaseous species from a statistical 
mechanical perspective (Cao and Liu 2011; Hayles et al. 2018).
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Experimental determinations of the alpha value for Equation (7) require a quantitative 
conversion of H2O to CO2 so that the δ18O value of the CO2 derived from the H2O can be 
compared directly to the CO2 equilibrated with the water. At least nine experimental 
determinations of the aCO2–water fractionation at 25 °C have been made using a variety of 
different methods based on carbon reduction or fluorination (see Brenninkmeijer et al. 1983 
for a summary). The aCO2–water values range from 1.0407 to 1.0424 (Fig. 3) and have a standard 
deviation in the α values that corresponds to a 1σ uncertainty in the δ18O value of ~0.4‰. 
The general consensus is that aCO2–water = 1.0412 (Friedman and O’Neil 1977; Kim et al. 2015).

Carbonates

The method for analyzing carbonate, like water, is also an indirect measure. Developed 
by John McCrea (1950) as part of Urey’s project to develop a paleotemperature scale, calcite 
(and later other carbonates) is reacted with 100% phosphoric acid at a controlled temperature. 
The reaction liberates CO2 gas, which is purified and analyzed on the mass spectrometer. As is 
the case for CO2–water equilibration, the δ18O value of the evolved CO2 gas is not equal to that 
of the actual carbonate. It is offset by the acid-liberated CO2–calcite fractionation. By reacting 
all samples in controlled, repeatable conditions, the δ18O values of the CO2 from different 
samples can be compared relative to each other.

Acid digestion of carbonates liberates only 2/3 of the total oxygen. The isotope 
fractionation during this process is the aCO2(ACID)–carbonate value. It is worth pointing out that the 
aCO2(ACID)–carbonate value is not the same as the aCO2–carbonate value. The latter is the equilibrium 
oxygen isotope fractionation between CO2 gas and the carbonate, while the former is not 
(Guo et al. 2009). The equilibrium α(18O/16O)CO2–calcite value is between 1.0014 and 1.0119 
(O’Neil and Epstein 1966b; Bottinga 1968), over 1‰ greater than the average aCO2(ACID)–calcite 

value. The aCO2(ACID)–carbonate value is therefore determined experimentally, and can only be 
quantified and tied to the VSMOW scale if the δ18O value of the total carbonate is known. 
This is determined by quantitatively extracting 100% of the oxygen from a sample by high 
temperature fluorination (e.g., Sharma and Clayton 1965). The extracted O2 is then converted 
to CO2 by high temperature reaction with a graphite rod. Comparison of this CO2 gas with the 
CO2 liberated by reaction of the same carbonate by phosphoric acid gives the aCO2(ACID)–carbonate 
value. There have been five independent determinations of this value (see Kim et al. 2015 
Table 2 for compilation). They range from aCO2(ACID)–calcite = 1.01015 to 1.01058 (average is 
1.01036 ± 0.00017), corresponding to an uncertainty of 0.18‰ (1σ). The generally accepted 
aCO2(ACID)–calcite value at 25 °C is 1.01025 as determined by Sharma and Clayton (1965) and 
amended by Friedman and O’Neil (1977).

Figure 3. Published estimates of experimental αCO2–water. From (Friedman and O’Neil 1977; Brenninkmei-
jer et al. 1983).
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Silicates

Silicates were first analyzed with high precision using the method of fluorination 
(Baertschi and Silverman 1951; Silverman 1951). Unlike the techniques for carbonates and 
water, the fluorination method is quantitative in the sense that 100% of the oxygen in the 
silicate is released by the fluorination reaction. The early studies measured the 18O/16O ratios 
of the O2 gas produced by the fluorination (Baertschi and Silverman 1951). Most laboratories 
subsequently added a combustion step where O2 was quantitatively converted to CO2 by high 
temperature reaction with spectroscopic graphite in the presence of a Pt catalyst (Taylor and 
Epstein 1962). CO2 could be purified more easily and moved throughout a vacuum line by 
freezing with liquid nitrogen. It is ironic that, after more than a half a century of analyzing 
silicate oxygen in the mass spectrometer using CO2 as the analyte, we have returned to 
analyzing O2 gas in order to also obtain the 17O/16O ratios of samples. There are two IAEA 
silicate standards: NBS 28 (quartz) with a defined δ18O value of 9.57‰ and NBS 30 (biotite) 
with a δ18O value of 5.12‰ (https://nucleus.iaea.org/rpst/Documents/NBS28_NBS30.pdf). 
There are 16 tabulated δ18O values for NBS 28 in the abovementioned IAEA report with 
a standard deviation of 0.3‰ (1σ). Two recent studies have measured the δ18O values of 
both NBS 28 and VSMOW. The results are 9.56‰ (Tanaka and Nakamura 2013) and 9.58‰ 
(Wostbrock et al. 2020a) on the VSMOW scale, in excellent agreement with the recommended 
IAEA value. Note: NBS 30 is no longer distributed from IAEA.

Comparison of all data

The crucial fractionation factors that are required to place waters, carbonates and silicates 
on the same scale are the equilibrium aCO2–water and kinetic aCO2(ACID)–calcite fractionation factors 
(Fig. 4). From the above discussion it is clear that there is a significant degree of uncertainty 
when comparing waters to carbonates to silicates. Only silicates (and air O2) are routinely 
determined quantitatively. The accuracy of carbonates and silicates on the VSMOW scale 
(relative to water) is dependent on the accuracy of the alpha factors and overall translates to 
an uncertainty as high as 0.5‰. This number may be slightly lower if we cull some of the 
experimental fractionation values that have been published. The most widely accepted values 
are aCO2–water = 1.0412 and for aCO2(ACID)–calcite =1.01025 (at 25 °C). These values may be refined 
by future researchers, but at present, the techniques available for analysis are essentially 
the same that were used in previous studies. Thus the ~0.5‰ uncertainty when comparing 
carbonates to waters to silicates remains.

Figure 4. Fractionation factors and relative effects for comparing waters to carbonates to silicates. Uncer-
tainties discussed in text.
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STANDARDIZATION FOR d17O VALUES OF 
SELECTED REFERENCE MATERIALS

All of the same problems and obstacles for calibrating standards for 18O/16O exist for 
17O/16O as well, with several additional complications. Proper standardization for 17O/16O 
ratios is particularly critical because the differences that are measured in natural materials are 
so small. While the δ18O value of a material can be measured on either CO2, CO gas or O2 gas, 
δ17O values generally must be measured on O2 gas. Converting samples quantitatively to O2 
gas can be extremely challenging, as in the case of carbonates.

The d17O and δ18O values of most terrestrial (Earth) materials co-vary, such that they 
follow the relationship d17O ≈ 0.52x × δ18O (see Miller and Pack 2021, this volume for a more 
detailed discussion). Plotting all Earth materials on a d17O–δ18O plot results in a linear trend 
that is often called the ‘Terrestrial Fractionation Line’ or TFL, especially in the meteoritic 
literature (e.g., McKeegan and Leshin 2001). The importance of measuring the d17O values 
of terrestrial materials becomes relevant only when we determine small deviations from some 
reference line that is representative of natural materials. This offset is the Δ′17O value, where

Δ′17O = δ′17O – l
RL

 δ′18O – γ
RL (8)

Here l
RL

 is the assigned slope of a reference line (hence the RL subscript) and γ
RL

 is the 
y intercept. l is commonly chosen to be 0.528 with γ = 0. The δ′ notation refers to the 
linearized form of δ, such that d′ = 1000 × ln(δ/1000+1) in per mil notation (Hulston and Thode 
1965; Miller 2002). The advantage of the linearized notation is that the d′17O versus δ′18O 
relationship is close to linear, unlike d17O versus δ18O. The precision of Δ′17O measurements is 
on the order of ±0.005‰, when appropriate protocols are followed. These include extreme gas 
purification and long counting times on the mass spectrometer. This precision is significantly 
higher than what can be obtained for either the δ18O or δ17O value. The higher precision is 
obtained because the errors in the δ17O and δ18O values covary and therefore tend to cancel 
each other out (see appendix of Wostbrock et al. 2018 for details).

Method of measurement

In conventional mass spectrometry, δ18O values can be measured on O2, CO2 or even CO 
gas. The δ17O value, however, must be determined using O2 as an analyte, where the [33]/[32] 
ratio (17O16O/16O16O) is measured. CO2 cannot be used because of the interference from 13C. 
Consider that 45/44 is both 12C17O16O/12C16O16O and 13C16O16O/12C16O16O. The mass resolution 
necessary to separate 12C17O16O from 13C16O16O is over 50,000, far above that attainable with 
any commercially available gas-source mass spectrometer. There are several other analytical 
options in place of the conventional mass spectrometer. The δ17O value of H2Ovapor is now 
routinely measured using cavity ringdown spectroscopy (Steig et al. 2014) with precision that 
rivals conventional mass spectrometry measurements. Promising preliminary data have also been 
made measuring the d17O value of CO2 gas in a laser spectroscopy system (Sakai et al. 2017; 
Stoltmann et al. 2017). A different approach is to measure the O+ fragment of CO2 produced in 
the source of an electron impact isotope ratio mass spectrometer (Adnew et al. 2019). Extremely 
high mass resolution (4700) is required to separate the 17O+ fragment (16.9991 amu) from the 
ubiquitous OH+ ion (17.0027 amu). This high mass resolution requires an expensive doubly 
focusing mass spectrometer (e.g. Thermo Fisher 253 Ultra) and has significantly reduced 
transmission, necessitating counting times in excess of 20 hours for high precision.

Water

Ultimately all samples are related to VSMOW, using a stretching factor based on the 
difference between VSMOW and SLAP2. Therefore, it is critical to calibrate the working 
gas of a mass spectrometer and ultimately all materials to the VSMOW and SLAP2 scale. 
Water was first analyzed for the d17O value using electrolysis (Meijer and Li 1998) to produce 
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the O2 from the water samples, which was then analyzed by conventional mass spectrometry. 
These authors recognized the relationship d17O = (1 + δ18O)l − 1 (l = 0.5281 ± 0.015) by 
analyzing waters of very different isotope compositions, but their precision for Δ′17O was far 
lower than what would be attainable with fluorination systems.

Precise measurements for triple isotope analyses of water are made by either fluorination 
of water to O2, followed by analysis on a conventional dual inlet mass spectrometer, or, in 
recent years, by direct analysis of water vapor using either laser absorption cavity ringdown 
spectroscopy (Steig et al. 2014) or off-axis integrated cavity output spectroscopy (Tian et 
al. 2016). The latter gives precise analyses, but is not quantitative, and generally requires a 
correction due to the machine-related non-linearities. Fluorination methods are, in principle, 
quantitative, as 100% of the oxygen is converted to O2. Fluorination is accomplished either by 
passage of water through a CoF3 heated reaction chamber in a He flow (Barkan and Luz 2005; 
Schoenemann et al. 2013) or by reaction with BrF5 in a steel or nickel reaction vessel (O’Neil 
and Epstein 1966a; Jabeen and Kusakabe 1997; Pack et al. 2016; Wostbrock et al. 2020a). 
The data of Barkan and Luz (2005) may suffer from a slight D18O compression observed in 
the CoF3 method (Schoenemann et al. 2013; Passey et al. 2014). Figure 5 shows all published 
estimates for SLAP2 relative to VSMOW using the methods of fluorination. The vertical black 
line represents the accepted δ18O value of SLAP2 of −55.5‰. Three analyses are close to 
this value, with Δ′17O values averaging −0.011 ± 0.003‰ (1σ). All other studies report δ18O 
values that are higher than the accepted value. It has been shown that analysis of light waters 
suffers from a memory effect, and that the lightest (and presumably correct) values are only 
obtained after multiple injections (Barkan and Luz 2005; Schoenemann et al. 2013; Wostbrock 
et al. 2020a). While it has been suggested that the Δ′17O value of SLAP should be assigned a 
value of 0‰ because the measured value is close to 0‰ (Schoenemann et al. 2013), we argue 
that, while this may be a useful convention, accepting a 0‰ value is not necessarily correct. 
The clustering of data at δ18O = −55.5‰ and −0.011‰ implies that the Δ′17O value of SLAP2 
is −0.011 ± 0.005‰. The Δ′17O value of −0.006‰ from Schoenemann et al. (2013) agrees with 
our suggested estimate for SLAP2 within error.

One of the subtle complexities of accurately measuring Δ′17O values of samples with very 
different δ18O values is the possibility of scale distortion resulting from a pressure baseline 
effect (Yeung et al. 2018). Because the effect can be non-mass-dependent, it may lead to 
non-trivial errors in the measured Δ′17O value of SLAP2 relative to VSMOW. The magnitude 

Figure 5. Published values for SLAP2 on the VSMOW2 scale. The accepted δ18O value is −55.5‰ (verti-
cal line). We suggest a Δ′17O value of −0.011 ± 0.005‰. See Wostbrock et al. (2020a, Table 2) for sources.
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of this effect was evaluated by Wostbrock et al. (2020a), who reported a SLAP2 value of 
δ18OSLAP2/VSMOW2 = −55.55‰ and Δ′17O = −0.015 ± 0.005‰. They found no pressure-baseline 
effect in their mass spectrometer (Thermo Scientific™ 253 Plus). Two gases with δ18O values 
that differed by 25‰ were analyzed against each other at operating pressures of 3, 5 and 10 V 
[mass 32]. The measured Δ′17O values varied by no more than 0.002‰ over the entire pressure 
range. We therefore determine that the measured values are accurate and that the Δ′17O value of 
SLAP2 is between −0.015 and −0.010‰. The number is not very different from 0‰, and whether 
a Δ′17O value of −0.011 or 0.0‰ is used will have a negligible effect for most samples when 
adjusted to the VSMOW-SLAP2 scale. Nevertheless, it appears that the −0.011‰ is a closer fit 
to the true value of SLAP2 on the VSMOW scale relative to l = 0.528. Our best estimate for 
VSMOW and SLAP2 (and presumably the original SLAP, Lin et al. 2010) is given in Table 1.

Silicates

Determination of the d17O values of silicates is straightforward because O2 is produced 
during fluorination and the conversion from the silicate solid to O2 gas is quantitative (i.e., 
100% of the silicate oxygen is converted to O2). The problem, of course, is calibration to 
VSMOW, and to a lesser extent, to the stretching factor VSMOW-SLAP2. That requires 
fluorination of water and silicate standards in the same extraction line and mass spectrometer, 
something that, until recently, has rarely been done.

Early analyses calibrated their d17O value to SMOW by assuming that the d17O value of 
NBS-28 was equal to 0.52 × δ18O (Clayton and Mayeda 1983). Franchi et al. (1999) were 
perhaps the first to fluorinate both the NBS 28 standard and SMOW. Unfortunately, the errors 

Table 1. Triple oxygen isotope values of various reference standards.

Standard Material d17O (‰ relative to 
VSMOW-SLAP2)

d18O (‰ relative to 
VSMOW-SLAP2)

Δ′17O (l = 0.528)

VSMOW water  ≡0 ≡0 ≡0

SLAP & SLAP2 water −29.709 ± 0.006 = −55.5a −0.011 ± 0.006

San Carlos 
Olivine (SCO)

olivine 2.75 ± 0.08 5.32 ± 0.16 −0.052 ± 0.014

UWG garnet garnet 2.94b 5.7c −0.064b

NBS 28b quartz 4.991b 9.57a −0.050b

KRSd garnet −13.34 ± 0.11 −24.95 ± 0.21 −0.091 ± 0.003

SKFSd chert 17.57 ± 0.13 33.81 ± 0.26 −0.137 ± 0.004

air O2 gas 12.09 ± 0.11 23.88 ± 0.21 −0.447 ± 0.034

NBS 18 calcite 3.636 ± 0.009 6.99a −0.048 ± 0.009

NBS 19, 19A calcite 14.92 ± 0.010 28.65a −0.102 ± 0.010

IAEA603 calcite 14.83 ± 0.007 28.47a −0.100 ± 0.007

NBS 127 sulfate 4.57 8.67 ± 0.02a 0.003 ± 0.02

IAEA−SO−5 sulfate 6.14 12.07 ± 0.02a −0.217 ± 0.02

IAEA−SO−6 sulfate −6.21 −11.36 ± 0.02a  −0.204 ± 0.02

axOCO
2(ACID)–calcite 

acid fractionation 
factor @25 °C

1.00535 ± (3.55 × 10−6) 1.01025a

Note: aIAEA defined value;  bdetermined relative to SCO (see Fig. 6); cin relation to VSMOW-SLAP (see text);
ddeveloped by Miller et al. (2020), reporting new average of four labs (Table 3).
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in the analyses were high in comparison to more recent results. A number of more recent 
studies have been made in which the IAEA standard NBS 28 and two commonly used informal 
standards San Carlos olivine (SCO) and UWG garnet (Valley et al. 1995) have been analyzed 
relative to VSMOW and SLAP. One problem is that all researchers get their SCO from any one 
of a number of sources. It has been shown that there are at least two different populations of 
SCO with different d18O values (Macpherson et al. 2005; Starkey et al. 2016). Nevertheless, in 
general, the d17O and δ18O values from recent calibration papers give consistent values for SCO 
data, as shown in Table 2. The data in Table 2 are all corrected to the SLAP2 value in Table 1. 
The correction procedure involves the following standardization of each laboratories data:

1) The delta values for VSMOW, SLAP (or SLAP2) and SCO are converted to prime 
values where δ′ = 1000 × ln(δ/1000 + 1).

2) A constant given by δ′xOVSMOW-accepted − δ′xOVSMOW-measured is added to all data 
(δ′xOVSMOW-accepted = 0).

3) A stretching factor is applied such that all data are multiplied by 

  
  

 



 
 

x x

x x

O O

O O
SMOW accepted SLAP accepted

SMOW measured SLLAP measured

, which reduces to 
57 100

18 18

.
    O OSMOW measured SLAP measured

 

and 
30 159

17 17

.
    O OSMOW measured SLAP measured

.

The small differences seen in Table 2 may be due to slight differences in the oxygen isotope 
compositions of the olivine samples or slight miscalibrations to VSMOW-SLAP2. The San 
Carlos olivine measured in Wostbrock et al. (2020a) comes from a large aliquot of pure olivine 
and is available for others to calibrate their system. Samples of this standard can be obtained 
from the UNM CSI laboratory (csi.unm.edu) allowing for precise interlaboratory calibration. 
Widescale use of this particular batch of SCO could potentially reduce the interlaboratory 
discrepancies and result in further refinements of this value in the future.

NBS 28 quartz and UWG garnet (Valley et al. 1995) are two other commonly measured 
reference silicates. There are only two direct comparisons of these two standards to VSMOW 
and SLAP (Tanaka and Nakamura 2013; Wostbrock et al. 2020a). Both obtain a δ18O value 
of 5.70 ( ± 0.01)‰ for UWG, in good agreement with the original published values of 5.74 
to 5.8‰ (Valley et al. 1995). The reported Δ′17O values are −0.078‰ (Tanaka and Nakamura 
2013) and −0.071‰ (Wostbrock et al. 2020a). For both studies, the δ18O values for NBS 28 are 
within 0.01‰ of the accepted IAEA value of 9.57‰, with Δ′17O values of −0.063‰ (Tanaka 
and Nakamura 2013) and −0.059‰ (Wostbrock et al. 2020a).

Table 2. Triple isotope data for San Carlos Olivine. Data are corrected for δ18O and Δ′17O 
SLAP2 = −55.5 and −0.011‰.

Laboratory/reference d17O δ18O  Δ′17O

GZG, Goettingen1 2.682 5.153 −0.036

ISIE, Okayama1 2.750 5.287 −0.038

ISIE, Okayama2 2.717 5.294 −0.075

CSI, UNM3 2.717 5.263 −0.058

CSI, UNM4 2.892 5.588 −0.054

Average 2.75 ± 0.08 5.32 ± 0.16 −0.052 ± 0.014
 

Note: 1 Pack et al. (2016),  2Tanaka and Nakamura (2013), 3Wostbrock et al. (2020a), 4Sharp et al. (2016).
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The Δ′17O values of UWG and NBS 28 can also be further refined by using additional 
published data. There are a large number of studies where UWG and NBS 28 are compared 
directly to SCO (see Fig. 6 caption for references). From Figure 6, we obtain a DΔ′17OUWG-SCO 
value of −0.012‰ and a DΔ′17ONBS 28-SCO value of 0.002‰ We use the IAEA-accepted δ18O 
value of 9.57‰ for NBS 28 and a δ18O value of 5.7‰ for UWG and the difference in the 
Δ′17O values between SCO and NBS 28 (Fig. 6) to determine the Δ′17O value and ultimately 
the d17O value of these two standards (Table 1).

Two additional standards with extremely different δ18O values have recently been developed 
(Miller et al. 2020). The first is an extremely light garnet from Karelia, Russia (KRS) and the 
second is a heavy chert from Denmark (SKFS). The purpose of developing standards with such 
different δ18O values is to allow laboratories that are not set up to fluorinate waters to be able 
to determine a stretching factor based on two silicate samples with very different δ18O values. 
The standards were originally analyzed at Georg-August-Universität, Goettingen, Germany, 
and The Open University, UK and have subsequently been analyzed at The Center for Stable 
Isotopes, University of New Mexico, USA and The University of Oregon, USA (Table 3). 
All data were corrected to the common value of UWG given in Table 1. (This is because the 
SCO standard at Open University appears to have a different δ18O value from the other labs and 
what is seen in Table 2). Correcting all data to a common value of UWG (Table 1) allows for a 
common standardized value for these two light and heavy standards (Table 1).

Air

There are three direct comparisons between atmospheric oxygen (O2) and VSMOW-
SLAP (Barkan and Luz 2005; 2011; Wostbrock et al. 2020a) and three additional comparisons 
of O2 with secondary standards, either UWG or SCO (Young et al. 2014; Pack et al. 2017; 
Yeung et al. 2018). Accurate Δ′17O analyses of air require the separation of N2 and especially 
Ar from O2, which is done using a long gas chromatographic column chilled to ~ −80 °C. 
All studies removed Ar from the O2 gas except for two (Barkan and Luz 2005, 2011) in which 
an empirical correction was applied (Luz and Barkan 2005). All studies results were corrected 
to VSMOW-SLAP2 using the data for standards UWG, SCO and VSMOW-SLAP2 in Table 1. 
The newly normalized results are shown in Table 4.
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Figure 6. Published ΔΔ′17O values for UWG garnet and NBS 28 relative to San Carlos olivine values from 
Table 1. The average Δ′17O value of UWG is −0.012‰ less than SCO while the average Δ′17O value for 
NBS 28 is 0.002‰ heavier than SCO (pale horizontal lines). Data sources: 1 (Wostbrock et al. 2020a); 2 
(Tanaka and Nakamura 2013); 3 (Pack and Herwartz 2014); 4 (Franchi et al. 1999); 5 (Starkey et al. 2016); 
6 (Cowie and Johnston 2016); 7 (Miller et al. 2020); 8 (Kim et al. 2019); 9 (Ghoshmaulik et al. 2020); 10 
(I. Bindeman, pers. comm.); 11 (Young et al. 2016); 12 (Yeung et al. 2018).
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Carbonates

The only way in which the δ17O of carbonates can be directly determined is by complete 
conversion to O2 by the method of fluorination. 100% oxygen retrieval requires high 
temperature fluorination in nickel reaction vessels. The difficulty with this method is that other 
intermediate oxygen-bearing compounds, such as CO, CO2 and COFx, are produced in the 
fluorination process and they are difficult to react completely to O2 (and CF4). In the one high-
precision study of this type, Wostbrock et al. (2020a) fluorinated carbonates at 750 °C for four 
days with a large excess of BrF5. Yields approached 100%, but the δ18O values were often less 
than the accepted values determined by phosphoric acid digestion. It was found, however, 
that the lower δ18O also had proportionally lower d17O values, such that the measured l was 
0.528, identical to our reference slope l. The measured Δ′17O values were therefore constant 
within ± 0.01‰ (Fig. 7). Wostbrock et al. (2020a) therefore used the conventionally accepted 
values for the δ18O values of IAEA carbonate standards and the measured Δ′17O values to 

Table 4. Compilation of published triple oxygen isotope
analyses of Air corrected to VSMOW-SLAP2.

Reference  d17O  d18O  Δ′17O

Barkan and Luz 20051,2 12.08 ± 0.01 23.88 ± 0.02 −0.453

Barkan and Luz 20111,2 12.03 23.88 −0.507

Young et al. 20143 11.94 ± 0.02 23.57 ± 0.05 −0.429 ± 0.01

Pack et al. 20171,5 12.25 ± 0.02 24.15 ± 0.05 −0.432 ± 0.019

Yeung et al. 20183,4 12.03 ± 0.01 23.73 ± 0.01 −0.429 ± 0.007

Wostbrock et al. 2020a1 12.18 ± 0.07 24.05 ± 0.11 −0.441 ± 0.012

Average 12.09 ± 0.11 23.88 ± 0.21 −0.447 ± 0.034

Note: 1Measured directly to VSMOW-SLAP; 2Did not remove Ar from O2 sample; 3 Corrected to SCO; 4Includes pressure 
baseline correction; 5Corrected to SCO, A. Pack, pers. comm., (2020)

Table 3. Triple isotope data for light and heavy standards KRS and SKFS from four different 
laboratories. Data are corrected to UWG values given in Table 1. OU–Open University, UK; 
Goet–Georg-August-Universität Göttingen, Germany; CSI–Center for Stable Isotopes, U. New 

Mexico, USA; Or–University of Oregon, USA.

Laboratory/ 
reference d17O d18O  Δ′17O

 KRS

OU −13.50 ± 0.05 −25.25 ± 0.09 −0.088 ± 0.010

Goet −13.34 ± 0.14 −24.95 ± 0.27 −0.091 ± 0.010

CSI −13.31 ± 0.06 −24.87 ± 0.12 −0.096 ± 0.010

Or −13.23 ± 0.05 −24.74 ± 0.03 −0.090 ± 0.015

Average −13.34 ± 0.11 −24.95 ± 0.21 −0.091 ± 0.003

 SKFS

OU 17.61 ± 0.13 33.88 ± 0.24 −0.135 ± 0.009

Goet 17.38 ± 0.22 33.43 ± 0.41 −0.134 ± 0.009

CSI 17.68 ± 0.08 34.03 ± 0.11 −0.142 ± 0.005

Or 17.62 ± 0.12 33.90 ± 0.38 −0.136 ± 0.007

Average 17.57 ± 0.13 33.81 ± 0.26 −0.137 ± 0.004
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back-calculate the d17O values of the samples. This same correction to the endmember Δ′17O 
values has been used for sulfates (Cowie and Johnston 2016) and CO2 gas (Farquhar et al. 
1998). Results are given in Table 1.

Wostbrock et al. (2020a) also fluorinated the CO2 released by phosphoric acid digestion 
from calcite at 25 °C. Their calculated θCO2(ACID)–calcite value is 0.5230 ± 0.0003, where 
θ = ln a17OCO2(ACID)–calcite / ln a18OCO2(ACID)–calcite. This corresponds to an a17OCO2(ACID)–calcite value of 

1.00535 ± 3.55 × 10−6 relative to an a18OCO2(ACID)–calcite value of 1.01025. Using this fractionation 
factor, laboratories that measure the Δ′17O value of CO2 released from carbonates by phosphoric 
acid digestion (at 25 °C) can back-calculate to the original Δ′17O value of the carbonate.

There are a number of indirect measurements of the δ18O and d17O values of carbonates 
obtained by measuring the CO2 gas liberated by phosphoric acid digestion. The CO2 is 
analyzed for the triple oxygen isotope composition using one of several methods: conversion 
to H2O followed by fluorination (Passey et al. 2014); equilibration with O2 in the presence of 
a Pt catalyst (Mahata et al. 2013; Barkan et al. 2015; Fosu et al. 2020); or by direct analysis 
of the O+ fragment of CO2 using a high resolution mass spectrometer (Adnew et al. 2019). 
With accurate determinations of the triple oxygen isotope composition of IAEA calcite 
standards, researchers who measure the CO2 released by phosphoric acid digestion can easily 
use the αCO2(ACID)–calcite values in Table 1 or determine an appropriate α value that brings their 
measurements into agreement with the δ17O and δ18O values of the carbonate standards.

A compilation of Δ′17O values of IAEA standards and their relative values from different 
studies is given in Table 5. Although the measured Δ′17O values may be different depending on the 
analytical procedure used, the difference in the Δ′17O values between any two standards should be 
the same for all laboratories. The community is coming to consensus on the ΔΔ′17O of standards, 
although there are still large outliers, potentially due to issues with exchanging CO2–O2.

Sulfates

The triple oxygen isotope composition of sulfates is measured by laser fluorination with 
either BrF5 (Bao and Thiemens 2000) or F2 with additional gas purification using a GC column 
(Cowie and Johnston 2016). The laser fluorination methods result in molar yields of 25–35% 
when using BrF5 and ~50% when using F2 as reaction reagents. Measured δ18O values can be 
as much as 15–20‰ below the accepted values. Due to the low yields, triple oxygen isotope 
compositions are corrected based on the measured Δ′17O value from fluorination and the δ18O 
value obtained by thermal conversion elemental analyzer (TC/EA) method (Kornexl et al. 1999; 

 

 

Figure 7.  Figure 7. Plot of Δ′17O value of an individual analysis vs the difference in the accepted δ18O value and the mea-
sured δ18O value for carbonate samples. Extrapolation of 2‰ for the δ18O value will change the Δ′17O value by 
less than 0.006‰. The average of these three samples give a l = 0.528. Data from Wostbrock et al. (2020b).
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Savarino et al. 2001). Using a calculated θLF value (the fractionation associated with incomplete 
fluorination) of 0.5301, Cowie and Johnston (2016) were able to extrapolate their measured 
δ17O and δ18O to obtain the Δ′17O value of their sulfate standards NBS 127, IAEA-SO-5, and 
IAEA-SO-6. The δ18O values of these standards are tied to the VSMOW-SLAP scale using 
waters analyzed by CO2–H2O equilibration (Brand et al. 2009). The reported Δ′17O values 
in Cowie and Johnston (2016) are relative to their d17O values for the UWG standard. We 
recalculate the d17O and Δ′17O values of these standards using the difference between Cowie 
and Johnston’s Δ′17O values for UWG, San Carlos olivine and NBS 28 and those reported in 
the present communication (Table 1). The reported δ18O values are those given in Johnston et 
al. (2014). Results are presented in Table 1 calibrated to the VSMOW-SLAP scale based on the 
fluorination of VSMOW and SLAP2 .

CONCLUSION

Mass dependent triple oxygen isotope geochemistry is a relatively new field. Until recently, 
laboratories generally measured variations in the Δ′17O values of materials without a proper 
interlaboratory calibration scheme. In some cases, the d17O values of their samples were 
estimated, with no direct ties to VSMOW and SLAP (SLAP2). While this did not affect the 
results from an ‘isolated’ publication, it made intercomparisons between laboratories extremely 
difficult. The problems in standardizing different materials to the same scale is related to the 
different methods employed for analysis. Silicates and waters are both fluorinated, but relatively 
few laboratories are set up to do both. More challenging is the total fluorination of carbonates, 
which requires high temperatures and long reaction times in order to approach 100% recovery.

Table 5. Published Δ′17O values of carbonate and CO2 liberated from phosphoric acid digestion and 
DΔ′17ONBS 19– NBS 18 and DΔ′17OIAEA 603– NBS 18 values.

Study  CO2 calcite  ∆∆′17O

NBS 19 IAEA 603  NBS 18 NBS 19 IAEA 603 NBS 18  NBS 19

-NBS 18

IAEA 603

-NBS 18

Wostbrock 

et al. 2020aa
−0.155 −0.147 −0.100 −0.102 −0.100 −0.048

−0.055b

−0.054c

−0.047b

−0.052c

Barkan et 

al. 2019
−0.182 −0.194 −0.163 −0.019b −0.023b

Passey et al. 

2014
−0.135d −0.098d −0.037b

Fosu et al. 

2020
−0.169 −0.119 −0.050b

Passey and 

Ji 2019
−0.143d −0.088d −0.055b

Barkan et 

al. 2015
−0.227e +0.003e −0.230b,e

Sha et al. 

2020
−0.267 −0.225 −0.042b

Notes: afluorination; bCO2 gas extracted from carbonate; cdirect carbonate fluorination; dextracted at 90 °C. All others extracted at 
25 °C;  eBarkan et al. (2019) suggest that the analyzed samples may have been contaminated.
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In this communication, we have attempted to calibrate all standards relative to VSMOW 
and SLAP2 as presented in Table 1. Standards include waters, silicates, carbonates, sulfates and 
air. We also provide the acid fractionation factor data for CO2–calcite as reported in Wostbrock 
et al. (2020a), so that laboratories that determine the triple isotope values of CO2 liberated by 
phosphoric acid digestion of calcite can back calculate the isotope values of the calcite relative 
to VSMOW-SLAP2. With this internally consistent standards table, practitioners can directly 
compare their data for different materials with different laboratories. Invariably, adjustments will 
be made to these suggested standard values. Nevertheless, the triple oxygen isotope geochemical 
community is reaching consensus on standards that makes possible direct comparison of the very 
subtle differences that are seen in natural materials.
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