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ARTICLE INFO ABSTRACT

Editor: Michael E. Boettcher Accurate and precise A”"70 data are important for quantifying and understanding processes responsible for

Keywords: variations of oxygen triple-isotope ratios in nature. Without universally agreed numerical values of Ag;, and yg;,
Oxygen triple isotopes in the definition A”*70 = In(1 + 8'70) — AgIn(1 + 8'®0) — yg, however, as is currently the situation for
Silicates measurements on rocks and minerals, reported A”*”0O data may not be directly comparable. Furthermore, the

Khitostrov rock standard
Stevns Klint flint standard
A0 standardization

accuracy of A”"70 measurements is linked to calibration (at the ppm level) of individual laboratory’s ‘working
standard’ O, relative to the VSMOW water reference or to the VSMOW-SLAP scale, whereas few laboratories
have the facility to make high precision §'”70 and §'%0 measurements on silicates and waters. Both points may be
addressed by defining a reference line from measurements of a pair of silicates which differ substantially in
oxygen isotopic composition (comparable to the difference between VSMOW and SLAP), rather than by as-
signing Agy, and yg;, values arbitrarily. The resulting reference line has no physical significance. However, be-
cause A’'70 values reported relative to it are independent of the calibration of the working standard O,, this
greatly facilitates A”*”O reproducibility and comparability. We propose silicate standards for this purpose and
report comparative measurements — from two institutions — of the respective 8'70 and 880 values relative to
VSMOW, together with A””O data relative to various assigned reference lines. We also report A”*’O measure-
ments of UWG-2 garnet, San Carlos olivine and NBS 28 quartz relative to our reference line. The proposed
standards are: (1) KRS (Khitostrov Rock Standard, §'80 = -25.20 %o), which consists of sintered, fine-grained
constituents (primarily garnet) of a very low-§'%0 amphibolite-grade Palaeoproterozoic rock from Khitostrov,
Karelia, Russia; (2) SKFS (Stevns Klint Flint Standard, §'®0 = 33.93 %o), consisting of thermally dehydrated
grains of a high-8'%0 nodule of flint sampled from just below the exposed Cretaceous—Palaeogene boundary at
Stevns Klint, southeast Zealand Island, Denmark. Both silicates fluorinate readily, using standard laser-assisted
procedures, and the associated low blanks allow for overnight pre-treatment. Small quantities of these materials
may be supplied, on request, for standardizing A’*”O measurements of silicate rocks and minerals according to
the proposed procedure.

1. Introduction

The occurrence of small but distinctive variations between the re-
lative abundances of *”0 and 20 in terrestrial rocks and minerals has
been demonstrated from high precision measurements of the *”0/'°0
and '80/'°0 ratios (for example, Rumble et al., 2007; Tanaka and
Nakamura, 2013; Pack and Herwartz, 2014; Levin et al., 2014; Starkey
et al., 2016). Many processes during the formation history of individual
samples may have contributed to their present isotopic composition.
Chemical and isotopic characteristics of the interacting solids, melts

and aqueous fluids are probably influential, together with the tem-
perature under which isotopic exchange took place (Matsuhisa et al.,
1978; Cao and Liu, 2011; Dauphas and Schauble, 2016).

For most process that modify oxygen isotope distributions in nature,
170/*%0 changes by approximately half the corresponding change in
180,180, This is because the mass difference between 70 and °0O
(1.0042 Da) is approximately half as large as the mass difference be-
tween 20 and °0 (2.0042 Da). Isotope ratio modifications that follow
this pattern of proportionality are usually referred to as ‘mass-depen-
dent’ fractionations. Measurements of oxygen triple-isotope ratios are,
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by convention, reported as §'70 and 8'®0 values, where:

8 18
Rsample - R reference

18Rreference (1 )

Rsample @nd "®Rgample are the respective abundances of the minor
isotopes 70 and ‘20 relative to the '°0 abundance in the sample;
7R reference aNd Ryeference are the relative abundances in an interna-
tional reference material, usually Vienna Standard Mean Ocean Water,
VSMOW. Note that § is a dimensionless quantity. Because it is of small
magnitude («1) in natural systems, it is usually reported as parts per
thousand (‘per mil’, %o).

For two chemical entities or phases A and B, the equilibrium frac-
tionation factors for oxygen isotope exchange, defined by:

17 17
Rsample - 'R reference

8170 = and 80 =

17
Rreference

(716~ “Ra _ 148704 o igne _ “Ra _ 1+8%0,
A-B T 17 - 17, A-B T 18 - 18
Rp 1+ 8Y0p Rp 1 + 8%0g 2
are related by:
A = @ ®

Few experimental measurements of 6 for the SiO,—water system
have been made. Sharp et al. (2016) reported that, at low temperatures
(~0to 50 °C), 6~0.523 — 0.524. The high temperature limit value of 6
for all oxygen isotope exchange processes under equilibrium conditions
is 0.5305 (Matsuhisa et al., 1978; Dauphas and Schauble, 2016, and
references therein). For various kinetic fractionation mechanisms, a
comparable formalism (Young et al., 2002; Dauphas and Schauble,
2016) indicates that 6 varies between 0.501 and 0.516, depending on
molecular mass.

The distribution of the three stable isotopes of oxygen in individual
silicate samples also conforms to a power law relationship:

17 18 A
Rsample Rsample
e = (1 )|

18
Rreference Rreference

4

17
where the (1 + y) term quantifies any deviation of Rsample

18 18 Rreference .
when ““Reample =  Rreference- Whereas 0 refers to a specific process, A is

a more general and empirical term, the magnitude of which is de-
termined by the cumulative effects of individual (unspecified) fractio-
nation processes associated with the history of the sample. Converting
Eqn. (4) to linear format, and expressing the result in terms of 870 and
880 values rather than absolute ratios, gives:

from unity

In(1 + 8§'70) = A In(1 + §'80) + In(1 + v) (5)

It is useful to include a scaling factor of 10° so that the logarithmic
terms involving 8'70 and §'®0 are then of similar magnitude to the
corresponding 8'70 and 8'®0 values reported as %o. The quantities
10%In(1 + 8'70) and 10%In(1 + 8'80) are often denoted as 870 and
880 respectively, following similar terminology introduced by
Hulston and Thode (1965) in the context of sulphur multiple isotope
ratios. For a collection of samples characterized by a range of 8 values,
linear least squares regression of the 10%In(1 + 8'70) versus 10%In
(1 + 880) data gives an array of slope representing the mean A value
for that particular group of samples; there is not necessarily an implied
relationship between the individual silicates. Despite this, such arrays
have frequently been designated as a ‘terrestrial fraction line’ in the
literature. Empirical data (discussed in Section 2.1) have shown that,
for individual collections of silicate rocks and minerals, A generally
ranges from ~0.524 to 0.529. Measurements have shown that the
fractionation arrays are slightly offset from VSMOW (Tanaka and
Nakamura, 2013; Miller et al., 2015), with the magnitude of the offset,
as quantified by 10%In(1 + y), being of the order of —0.03 to —0.07,
depending on the samples (Miller et al., 2015). Thus, In(1 + y) may be
substituted by y in Eqn. (5) without loss of accuracy.

To quantify small deviations from an assigned reference line of slope
Are and ordinate axis offset 10%yg, from the zero point of the § scale
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(usually VSMOW), the parameter A0 may be defined from Eqn. (5)
as:

A70=In(1 + 8'70) - ApcIn(1 + 8'°0) - vgo ©

This definition (from Miller, 2002) has been widely adopted, with or
without the inclusion of the yg; term. The subscript ‘RL’ refers to ‘re-
ference line’. We note that AY70 is sometimes referred to as 7O-excess,
especially for waters, snow and ice cores. To avoid the implication that
A0 = 0 in all cases, and to avoid the incongruity of referring to a
‘negative excess’, that terminology is not used here. Similarly, we avoid
the term ‘7O anomaly’, which is sometimes used in the context of non-
mass-dependent isotope distributions (e.g., Dauphas and Schauble, 2016).
Inclusion of the ‘prime’ symbol in A”*70O notation has been widely
adopted, to avoid confusion with the original definition of A'’O which
was based on the approximation of direct proportionality between §'70
and 8'%0 (Clayton and Mayeda, 1988). We use the A”70 notation for this
paper, whilst acknowledging that this is not universally accepted practice.

The magnitude of A’*70 is not necessarily of physical significance,
as a proportion may be attributed simply to the divergence (or con-
vergence) of the reference line from that which is characteristic of the
collection of samples under investigation (Miller et al., 2015). Whereas
a scaling factor of 10° or 10° may usefully be applied to A”*70 data, to
give numerical values that are not <1, the reporting of A’*70 data as
‘per mil’ or ‘ppm’ (as has been widely adopted) is technically correct
only if A*70 is expressed in ratio format, similar to that as used for
defining the § value:

N7 1+ 80 1
(1 + 1)@ + SB0)*RL @)

Oxygen triple-isotope ratio measurements by mass spectrometry are
conducted using O, as the analyte gas, with §'70 and §'®0 determined
relative to a ‘working standard’ O, which should be calibrated relative
to a reference material with accurately known (or defined) 870 and
8180 values relative to VSMOW. Currently, only IAEA water samples
(not any silicate standards) are certified for 870 value. Calibration of
the working standard is difficult to achieve, to the degree of accuracy
required for many investigations. Furthermore, few laboratories have
the facility to prepare O, from both waters and silicates. As an alter-
native to direct calibration against VSMOW, the working standard may
be calibrated against an intermediate such as air O, (for example, Pack
and Herwartz, 2014; Miller et al., 2015; Greenwood et al., 2018), al-
though a complication is that different values for the triple isotopic
composition of air O, relative to VSMOW have been reported. An ap-
praisal of recent measurements is given by Pack et al. (2017).

2. Rationale and methodology

2.1. Uncertainties in the 6’0 and 8770 values of silicate reference
materials

Considerable variations exist between published 8'80ysmow values
(i.e. 8'80 values reported relative to VSMOW) of individual silicates
commonly used as standards in oxygen triple isotope studies. Similarly,
there are discrepancies for the corresponding 8”0 values. Compilations
of 8'%0 and 870 values reported for UWG-2 garnet, San Carlos olivine
and NBS 28 quartz have been provided in several publications; recent
examples are Supplementary Table S2 of Kim et al. (2019) and Table 2
of Bao et al. (2016). In the latter publication, the authors observed that
the 8'®0ysmow Vvariations from recent studies were greater than the
associated analytical errors. Specifically, the range reported was 1.06
%o for NBS 28, 0.59 %o for UWG-2 and 0.3 %o for San Carlos olivine,
respectively. Even after attempting to normalise the data to VSMOW or
VSMOW-SLAP, thereby reducing the discrepancies, Bao et al. (2016)
found that the revised values were still not within analytical errors,
especially in the case of San Carlos olivine. If silicate oxygen is
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Fig. 1. llustrating 8'80ysmow and 87 Oysmow values reported for UWG-2 garnet, San Carlos olivine and NBS 28 quartz, respectively — mostly from recent pub-
lications and using the original data. Error bars represent + 10 (standard deviation). Infrared (10.6 pm) laser-assisted fluorination was used in all cases, although
heating protocols varied (focussed or defocussed beam; beam power; single step or multi-step). Filled circles denote the use of BrFs for silicate fluorination; open
circles indicate the use of F,, generated by thermal decomposition of Asprey’s salt, K,NiFg'KF. ‘N’ denotes the number of replicates.

Additional information:

@ data obtained at Georg-August-Universitit Gottingen;
b data obtained at Okayama University;

¢ measurements on Type I San Carlos olivine;

4 measurements on Type II San Carlos olivine.

quantitatively and completely extracted, using established procedures
of laser heating in the presence of an excess of BrFs vapour or F,,
variations in the isotopic composition of the resulting O, should be
minimal. However, Kim et al. (2019) showed that automating the laser
heating step and using a high density beam in conjunction with a short
irradiation time usually led to significantly improved precision of the
isotopic data, compared to their results obtained when the laser was
operated manually. The authors postulated that partial vapourization of
SiO5 occurs to greater extent when samples are irradiated at low power
density, resulting in isotopic fractionation. Any loss of partially-reacted
material by sample grain sputtering during the heating process would

also be expected to adversely affect the isotopic measurements.

We provide in Fig. 1 a ‘Caltech plot’ comparison of reported §'0
and 870 values (including associated errors) for UWG-2, San Carlos
olivine and NBS 28 from several recent publications. In some of those
reports, the silicate §'70 and 880 data have been normalized, but not
necessarily to a common procedure. Pack et al. (2016) reported their
data on the VSMOW-SLAP scale using the normalization recommended
by Schoenemann et al. (2013). Kusakabe and Matsuhisa (2008) and
Ahn et al. (2012) also calibrated their 8'70 and §'®0 data relative to
VSMOW-SLAP, but using the procedure adopted by Kusakabe and
Matsuhisa (2008). In other reports, no direct calibration to VSMOW or
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the VSMOW-SLAP scale was performed. Pack and Herwartz (2014),
Starkey et al. (2016) and Greenwood et al. (2018) related their §'70
and 8'®0 data to VSMOW indirectly, by third party calibration of the
working standard O, against atmospheric oxygen. In other examples,
8'80ysmow values were calibrated on the basis of an assigned value for
UWG-2 garnet (Levin et al., 2014; Kim et al., 2019) or San Carlos oli-
vine (Young et al., 2016), with the corresponding 8'”Oysmow value of
UWG-2 or San Carlos olivine being derived by assuming a specified
fractionation relationship between the three oxygen isotopes. Ali et al.
(2016) similarly calibrated the §'®0Oygyow value of their working
standard O, on the basis of UWG-2 measurements, but calibrated the
corresponding 8'”Oygyow value using that of UWG-2 as reported by
Pack and Herwartz (2014). Whereas the analyte O, was isolated from
other fluorination products by cryogenic separation and selective des-
orption from molecular sieve pellets in most of the investigations re-
ferred to in Fig. 1, Pack and Herwartz (2014) and Pack et al. (2016)
additionally utilized gas chromatography for a final purification step.

Although the originally recommended 8'80ysmow value of UWG-2
garnet (Valley et al., 1995) is 5.8 %o, some reports have since proposed
a slightly lower number. For example, Macpherson et al. (2005) pub-
lished a value of 5.71 = 0.09 %o (10), calibrated to NBS 30 biotite
880 = 5.10 %o. For the present work we assigned a value of 5.75 %o,
based on previous findings at Georg-August-Universitdt Gottingen and
at the University of Oregon.

A complication with San Carlos olivine is that different populations
have been distinguished, on the basis of distinct 880 values.
Macpherson et al. (2005) reported that ‘Type I’ is characterized by a
value of 4.84 + 0.09 %o, whereas the (more commonly used) ‘Type II’ is
5.22 + 0.08 %o. Thirlwall et al. (2006) reported a 8'80 value of 4.88 %o
for Type L. It is probable that other variations of San Carlos olivine also
exist.

2.2. A’"Y0 measurements of silicate rocks and minerals

High precision measurements of oxygen triple-isotope ratios of si-
licate rocks and minerals at various laboratories have resulted in a
variety of ‘terrestrial fractionation lines’ being reported (Miller, 2002;
Rumble et al., 2007; Pack et al., 2007; Spicuzza et al., 2007; Kusakabe
and Matsuhisa, 2008; Hofmann and Pack, 2010; Hofmann et al., 2012;
Ahn et al., 2012; Tanaka and Nakamura, 2013; Pack et al., 2013; Levin
et al., 2014; Bindeman et al., 2014; Kim et al., 2019). Pack et al. (2013)
suggested that, based on their measurements of 1071 samples, the as-
sociated A value of 0.5251 = 0.0014 (20) probably represents the mean
isotopic fractionation between melts, minerals and fluids at various
temperatures and pressures.

Hallis et al. (2010), in the context of assigning a reference line for
A’Y70 measurements of lunar basalts, noted that the two silicate arrays
compared by Rumble et al. (2007) were characterized by different
offsets from VSMOW. Subsequently, Tanaka and Nakamura (2013)
demonstrated that an array formed from a collection of (15) silicates,
and characterized by a slope of 0.5270 + 0.0005 (95% confidence in-
terval), was offset from VSMOW by10°%y = -0.070 + 0.005 whereas,
using the same oxygen purification system and mass spectrometer, a set
of four water samples including VSMOW, GISP and SLAP gave an array
characterized by A = 0.5285 + 0.0005 and 10%y = 0.03 *+ 0.02. It is
important to recognize, however, that an array formed from least
squares regression of 10°In(1 + §'70) versus 10°In(1 + §'0) data
from a group of silicate rocks and minerals will be characterized by
values of both slope and ordinate axis offset that are specific to that
particular collection of samples.

The magnitude of A is unaffected by the reference to which §'70
and 880 values are reported (Miller, 2002); it is therefore invariant to
the calibration of the laboratory working standard O, to any specific
reference material such as VSMOW. Clearly, however, this is not the
case for y. Furthermore, if A”*7O data are reported relative any other
reference line, such as Agy = 0.5305, yg = 0 (e.g. Wiechert et al.,
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2004; Herwartz et al., 2014; Pack and Herwartz, 2014), then the ac-
curacy of the resulting A”*”0 values is still inextricably linked to the
8170 and 8'%0 calibrations of the laboratory working standard O, re-
lative to VSMOW.

Hofmann et al. (2017) listed various different reference lines that
have been used for reporting A’*”0 measurements in a variety of ap-
plications. It was noted that, although there is not consensus on a single
selection, the choice is somewhat arbitrary because A”'70 is not a
measured quantity; it is inferred from §'70 and §'®0 data. This point
was also made by Kaiser (2008) and by Pack and Herwartz (2014).
Kaiser (2011) suggested that, regardless of the definition of A”*70, all
AY70 data are ‘merely mathematical constructs’, in contrast to the re-
lative 170/*°0 and 80,0 isotope ratio differences, reported as §'70
and 880 values. We suggest, however, that A””0 is potentially a more
robust parameter (in principle, at least), that may be determined to
higher accuracy and precision than the associated §'70 and 8'®0 va-
lues. Furthermore, the latter are also ‘mathematical constructs’ in that
they relate '70/'°0 and '80/*°0 ratios to those in an artificial seawater
proxy (VSMOW). If consensus can be obtained on the selection of ap-
propriate silicate rock or mineral samples for defining an empirical,
two-point reference line, then silicate or oxide A0 data relative to
that line would be independent of the §'70O and 8'®0 calibration of
individual laboratory’s working standard O, to VSMOW or to any other
reference material. This confers a significant advantage over existing
methodology.

Because the fluorination of silicate rocks and minerals, to produce
O, as the analyte for isotope ratio measurements, requires a different
procedure from that used for the fluorination of waters, there is the
possibility of systematic errors being introduced by the use of a water
reference material for reporting 8'70 and 8'®0 data of rocks and mi-
nerals. This point was made by Young et al. (2016), who also noted
that, as fractionation arrays from silicate rocks and minerals are now
known to be offset from VSMOW on the 10%In(1 + 8'70) versus 10°In
1 + 8'%0) plot, this introduces an additional complication. To elim-
inate such potential sources of error, Young et al. (2016) chose to report
their whole-rock and mineral A’*”O results relative to a reference line
derived from 8'70 and 8'®0 data reported relative to San Carlos olivine
(as representative of Earth’s mantle), with an assigned A value of 0.528.
A comparable approach was adopted by Cao et al. (2019), in their in-
vestigation of ocean island basalts. Sharp et al. (2016) noted that, un-
fortunately, oxygen triple-isotope ratio measurements of rocks are only
peripherally linked to the VSMOW-SLAP scale, because very few la-
boratories routinely measure the oxygen triple-isotope compositions of
both waters and silicates. Silicate oxygen triple-isotope data reported by
Sharp et al. (2016) were normalized to a 8'0 value for San Carlos
olivine of 5.3 %o relative to VSMOW and corresponding A*”O value of
—0.054 %o, relative to Ag;, = 0.528, v = 0. This A’Y70 value is more
negative by 0.016 %o than that reported by Pack et al. (2016) for San
Carlos olivine relative to the same reference line.

2.3. A’Y70 of meteoric waters, snow and ice cores — comparison with
silicates

Because the oxygen isotopic composition of rocks and minerals is
reported relative to VSMOW, with A”'”O sometimes reported relative to
the VSMOW-SLAP scale (with A”*70 of SLAP defined to be zero, as re-
commended by Schoenemann et al., 2013), it is relevant to consider
such measurements of waters. Meijer and Li (1998) first reported that
natural waters from a wide range of sources, spanning nearly 60 %o in
880, formed a linear array in In(1 + 8'70) versus (1 + 8'%0) space
and that the associated A value was 0.5281 + 0.0015 (standard error).
Subsequently, Angert et al. (2004) suggested, from theoretical con-
siderations, that the array should be slightly offset (positive) from
VSMOW, with deviations being attributed primarily to kinetic fractio-
nation during the diffusive transport of water vapour from the eva-
porative source region into undersaturated air. That prediction was
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later confirmed (Barkan and Luz, 2007; Landais et al., 2008; Luz and
Barkan, 2010). Barkan and Luz (2007) defined the ‘7O-excess’ (A”*70)
of meteoric precipitation as:

AY0 = In(1 + 8'70) - 0.528In(1 + §'20) (8)

This convention, and the associated terminology, has since been
widely adopted in studies of oxygen triple-isotope ratios in meteoric
precipitation and in ice cores.

Inter-laboratory reproducibility of A”*70 data from waters, at the
ppm level, is challenging. Small differences in the operational details
of the water fluorination technique or the isotope ratio measurements
may result in significant inter-laboratory offsets. This is especially true
for samples from the polar regions, characterized by substantial de-
pletion of 170 and ®0. For example, Winkler et al. (2012) reported a
22 ppm difference between A’'”0O measurements of a surface snow
sample from Dome F in Antarctica, as given by two different labora-
tories. The magnitude of the discrepancy diminished with increasing
8'80. Similar findings were reported by Landais et al. (2012). This
observation is consistent with instrument non-linearity (isotope scale
compression) for 8'70 differing from that for §'80. A solution to this
problem was proposed by Schoenemann et al. (2013), who introduced
a VSMOW-SLAP normalization procedure for §'%0 and A’*”0. Their
recommendation has since been widely adopted and is considered
further in Section 2.4.

2.4. Normalizing §'°0 and 4”70 values of waters and rocks to the
VSMOW-SLAP scale

A convention for optimizing inter-laboratory consistency of
880 measurements has long been established (Gonfiantini, 1978)
and involves normalizing such measurements to the VSMOW-SLAP
scale, with 8'®0 of SLAP assigned as -55.5 %o (exactly) relative to
VSMOW. By convention, the normalization requires that §'20 data
relative to VSMOW be adjusted by a factor of (—55.5)/(81805LAP/
vsmow), where 8'80g;ap,vsmow is the measured value of SLAP re-
lative to VSMOW.

Because the § scale is non-linear, with -1 < § < oo, ‘true’ linear
scaling to VSMOW-SLAP requires that In(1 + §'®0) values be adjusted,
rather than the corresponding 8'0 data. The associated factor is thus In
(1 - 0.0555)/In(1 + 880D < \ow)- Fortunately, as noted by Kaiser
(2008), the numerical differences between the conventional and loga-
rithmic normalizations are generally small. An additional complication
noted by Kaiser (2008) is that the assigned 880 value of SLAP relative
to VSMOW may be significantly in error. Kaiser (2008) suggested that,
on the basis of measurement comparisons reported in 2004, the ‘true’
value seems to be -56.18 + 0.01 %o.

Kusakabe and Matsuhisa (2008) is the only publication we are
aware of in which scaling of In(1 + 8'80) data to VSMOW-SLAP was
implemented with the same factor (-57.10)/(-56.20) being applied to
scaling of the corresponding In(1 + 8'70) data. Kaiser (2008) re-
commended a similar normalization approach, but in power law format
and with A assigned to be 0.528:

s 17 0 sample
VSMOW-SLAP, normalized

_ gomnpe 1+ 8% OsLap/vsmow, assigned)” > — 1
- VSMOW
a+ SISOSLAP/VSMOW, measured) 228 — 1 )

These scaling procedures preserve the oxygen triple-isotope
ratio relationship of the 8'”0 and §'®0 measurements, whilst ensuring
that the measured 8§80 values are normalized to the VSMOW-SLAP
scale.

To improve the inter-laboratory consistency of 8'80 and A’*70 data
from oxygen triple-isotope ratio measurements of water samples,
Schoenemann et al. (2013) proposed that §'70 measurements be nor-
malized to the VSMOW-SLAP scale in similar fashion as the §'20 data,
with 8'70 of SLAP defined to give A’’7O of exactly zero, relative to a
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reference line of Ag;, = 0.528 and yr., = 0. The resulting scale factor for
the 870 measurements is therefore (-29.6986)/8'”Ogiap, vsmow, ap-
proximately.1 Unlike the Kusakabe and Matsuhisa (2008) or Kaiser
(2008) normalizing procedures, the Schoenemann et al. (2013) re-
commendation involves scaling of the empirical 8§70 results in-
dependently of the corresponding 8'%0 data. Essentially, this adjusts
the experimental data so that linear least squares regression of 10°ln
(1 + 8'70) versus 10°In(1 + 8'80) of VSMOW and SLAP gives the as-
signed Agy, and yg;, values.

2.5. A two-point silicate reference line for A”*”O measurements of rocks and
minerals

Pack et al. (2016) advocated that VSMOW-SLAP scaling should be
applied to oxygen triple-isotope measurements of silicate rocks and
minerals, using the recommendation of Schoenemann et al. (2013)
originally devised for standardizing A’*”0O data obtained from waters.
Whereas the advantage of that approach for silicates has been demon-
strated, it does require that any laboratory undertaking high precision
A0 measurements of rocks and minerals must also have the cap-
ability of making similar measurements on waters. There is also the
implicit assumption that the water and silicate fluorination procedures
— although different — will essentially be characterized by the same
(low) processing errors. A simpler alternative, which obviates the re-
quirement to make measurements on waters, is to report rock and mi-
neral A”'70 measurements relative to an empirical reference line con-
structed from two silicates, differing in §'®0 by a magnitude similar to
(or greater than) that between VSMOW and SLAP. The selected mate-
rials must be reasonably homogeneous in oxygen isotopic composition
and have desirable fluorination characteristics — such as not being
prone to sputtering during laser-assisted reaction with BrFs; also con-
tribute a negligibly low oxygen ‘blank’ during pre-fluorination proce-
dures. Furthermore, they need to be available in sufficient quantities to
allow distribution to other laboratories, on request.

This approach is advantageous to that of using a single silicate re-
ference material of assigned §'®Oygvow value for normalizing §'80
data to. A two-point scale enables any instrument-related compression
(or expansion) of the §'%0 scale to be identified and quantified; also
whether identical behaviour applies to the 870 scale. A difference
between the respective linearities will cause the slope of the two-point
reference line to vary from the ‘true’ value, although A’*”0 values of
silicates reported relative to that reference line will be independent of
any non-linearity of the §'70 and 880 scales. The respective §'70 and
8180 values of the two silicate standards may be anchored to the
VSMOW-SLAP scale using the procedure adopted by Pack et al. (2016),
with inter-laboratory comparison forming the basis of consensus values.

3. High- and low-8"%0 silicate standards for defining a A”*70
reference line

Reported §'%0 values of terrestrial silicate rocks and minerals vary
from —27.3 %o (Bindeman et al., 2010; Bindeman et al., 2014), in the
most extreme example of interaction with ‘Snowball Earth’-derived
synglacial meteoric waters at depth, to as high as ~43 %o in some se-
dimentary quartz samples precipitated from synglacial seawater at low
temperature (Sharp et al., 2018). For a high-SlBO silicate standard, we
selected a flint from one of several nodules collected (by RCG) near the
exposed Cretaceous-Palaeogene boundary at Stevns Klint, southeast
Zealand Island, Denmark. A quantity of this nodule (designated K-1B)
was crushed and sieved to 0.25-0.5 mm grain size, then heated in air to
remove aqueous micro inclusions. Initial tests at 600 °C and then

! In the abstract of Schoenemann et al. (2013), the normalized §'70 value of
SLAP is reported as being approximately —29.6968 %o, instead of approxi-
mately —29.6986 %o as stated in the text of the paper.



M.F. Miller, et al.

800 °C, followed by washing in 0.1 M HCI at 60 °C, showed that a
higher temperature was needed to ensure that the flint grains were free
of aqueous content. Initially, the flint contained 0.83 wt% water, as
determined by high temperature conversion elemental analyzer (TC/
EA) at the University of Oregon. Besides ensuring that quartz is the only
oxygen-bearing phase in the flint, complete removal of aqueous fluid
inclusions also minimizes the potential for grains to move energetically
during the laser-assisted fluorination process. Subsequent heating to
1000 °C for an hour, followed by washing in boiling deionized water to
remove any released salts, then drying at 100 °C, resulted in the flint
being essentially anhydrous (< 0.1 wt%). Approximately 50 g was
prepared in total, at the Open University. We designate this proposed
standard as the Stevns Klint Flint Standard, SKFS.

The 1.85 Ga Belomorian Belt at Khitostrov, Karelia (Russia) hosts
rocks characterized by exceptionally low 880 values, down to —27.3 %o
relative to VSMOW (Bindeman et al., 2010; Bindeman et al., 2014;
Herwartz et al., 2015). Approximately 50 g of sample K1-3 from
Bindeman et al. (2010) was selected (by INB) as a potential low-8'%0
silicate standard, after metamict zircon, plagioclase and biotite had
been removed. The residual material consisted primarily of garnet
(~90%) together with rutile, amphibole, ilmenite and corundum.
These minerals are lower in 8'80 than the original bulk rock and are
resistant to secondary alteration. After crushing to a fine powder, 15 g
was fused to a sintered block by heating at 1100 °C in a (Pt + 5% Au)
alloy crucible, placed in the centre of a horizontally-aligned alumina
tube (50 mm internal diameter, 1 m length). The heating was con-
ducted in a constant flow (100 em® min™) of nitrogen (Technical
grade, Air Products, Code 14626) to exclude atmospheric oxygen. Silica
wool plugs, 200 mm long, were positioned at each end of the heated
zone, to minimize the thermal gradient and to avoid back-diffusion of
air. The temperature was ramped up from ambient at a rate of 100 °C
per hour, held for 2 h at 1100 °C, then ramped down to ambient at the
same rate. Oxygen isotopic exchange between the constituent minerals
would have occurred during this procedure. Measurements of the re-
sulting sintered material (discussed below) indicated that it is essen-
tially homogeneous in §'70 and §'%0. The sintered block was subjected
to crushing and sieving to 0.25-0.5 mm grain size. We designate the
resulting material the Khitostrov Rock Standard, KRS. All the remaining
unfused material was subsequently divided equally into two (Pt + 5%
Au) alloy crucibles which were heated together in the same tube fur-
nace, using the procedure as described. The fused and sintered content
of one of these two crucibles (designated as ‘Batch C’) was found to be
of indistinguishable isotopic composition from that of KRS, whereas the
other (designated ‘Batch B’) was slightly different, although char-
acterized by the same A’*”0 result. We do not know the reason for the
small discrepancy in isotopic composition.

Whereas heating powdered K1-3 to melting was considered initially,
with the objective of obtaining a homogeneous glass on cooling, tech-
nical considerations associated with the very high temperature requir-
ed — whilst avoiding chemical reaction and/or isotopic exchange with
the containing crucible — prevented that approach from being adopted.

X-ray fluorescence measurements of elemental abundances in KRS
and flint sample K-1B (prior to heating the latter in air at 1000 °C) were
made at the University of Oregon. Those results are reported in
Appendix Table A.1 and confirm, in particular, that the flint sample
consists essentially of quartz only.

4. Experimental procedures

In this paper we report the results of oxygen triple isotope mea-
surements, conducted at the Open University and at Georg-August-
Universitit Gottingen, of the proposed silicate standards KRS and SKFS
together with comparable measurements of UWG-2 garnet, San Carlos
olivine and NBS quartz. Laser-assisted fluorination of silicate samples
(~2mg) is routinely performed at both institutions, using a CO in-
frared laser (10.6 um wavelength) and with excess of BrFs vapour as the
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fluorinating reagent. After isolation and purification of the O, formed,
using cryogenic separation in conjunction with trapping onto molecular
sieve pellets, isotope ratio measurements are made using a Thermo
Fisher MAT 253 dual inlet mass spectrometer. The Open University
facility is an updated version of that described by Miller et al. (1999),
with recent modifications as summarized by Greenwood et al. (2018). A
‘Fusions CO,’ (Teledyne CETAC Technologies) system is currently used
for controlled heating of the samples. The 55 W (maximum output)
laser is integrated with a motorized zoom video microscope, XYZ mo-
tion control stages, variable spot size and ring light illumination for
line-of-sight imaging and targetting. The laser is operated in continuous
beam mode and the power is controlled manually. Not reported pre-
viously is that, for optimal performance, the devised protocol is to use a
beam of 3 mm diameter initially, with the power gradually being in-
creased to between ~25 and 30% of full rating. Once the fluorination
reaction appeared to have ceased, the beam diameter is then switched
to 1 mm and heating continued, up to a maximum power output of ~15
to 20%. To ensure that no unreacted material remains, the sample stage
is then rastered under the laser beam until no further reaction is visible.
In total, the time to complete the fluorination process is generally only a
few minutes. Greenwood et al. (2018) reported that the 20 measure-
ment precision for 39 replicate analyses of an obsidian in-house la-
boratory standard gave +0.052 %o for 8'70, *0.094 %o for 8'80 and
£0.017 %o for A"70.

The silicate fluorination facility and procedures used at Georg-
August-Universitit Gottingen are as documented by Pack et al. (2016).
A significant difference from the Open University’s system is that an
additional O, purification step is incorporated, whereby the gas is
passed through a heated (50 °C) packed chromatograph column (3 m
length, 5 A molecular sieve) prior to transfer to the mass spectrometer.
Further details are as given by Pack et al. (2016).

At both institutions, silicate fluorination proceeds only after the
oxygen ‘blank’ has been reduced to a negligible amount (typically
< ~0.15 pmol O at the Open University, equivalent to < ~0.5% of the
O, yield from 2 mg of silicate), obviating the need for any correction to
be applied.

5. Data and discussion

Table 1 summarizes the results of §'70 and §'%0 measurements on
replicate samples of both proposed standards together with comparable
data on UWG-2 garnet, San Carlos olivine and NBS 28 quartz. Because
of uncertainties in the accuracy of calibrating the respective O, working
standards relative to VSMOW, we normalized the raw data to UWG-2,
with 8'®0ysmow assigned as 5.75 %o and AY70q 5305 as —60 ppm. The
latter figure is based on the A’*”O measurements of San Carlos olivine
on the VSMOW-SLAP scale as reported by Pack et al. (2016), together
with the finding from the present study that the A”*”Qg 5,5 value of
UWG-2 is 8 ppm more negative than that for San Carlos olivine. For
A70q 5305, the difference is 9 ppm (Georg-August-Universitdt Got-
tingen measurements) or 10 ppm (Open University data). Although we
suggest that our assigned 8'%0ysmow value of 5.75 %o is accurate,
normalizing to a slightly different §'®Oysmow value for UWG-2 does not
affect A"Y70g.5305 = —60 ppm. The complete data set obtained for the
present investigation, reported relative to the respective working
standard O,, together with the 8'7Oygyow and 8'80Oysmow values based
on our normalizing to UWG-2, is provided in Appendix Table A.2.

As well as the 8'”Oygmow and 8'80ysmow mean values and asso-
ciated errors, Table 1 reports the corresponding A””0 values as derived
from three different reference lines: (i). Ar. assigned as 0.5305 (and
yre = 0), corresponding to the equilibrium high-temperature limit for
0; (ii). Agy assigned as 0.528 (and vygr; = 0), corresponding to the
VSMOW-SLAP line; (iii). Agy, assigned as 0.525, which seems to be re-
presentative of large collections of silicate rocks and minerals of diverse
origin (Miller, 2002; Pack et al., 2013), and with 10%yp, = —0.024 re-
lative to VSMOW. This 10%yg, value was selected so that San Carlos
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Table 1

Open University and Georg-August-Universitit Gottingen measurements of 8'”Oysyow, 8'°Ovsmow and derived A’Y70, with associated errors, of proposed silicate
standards KRS and SKFS, together with comparative data from UWG-2, San Carlos olivine and NBS 28. A’”0 are reported relative to three different reference lines as
discussed in the text. To eliminate uncertainties associated with calibration of the individual working standard O, relative to VSMOW, the isotopic data were
normalized to UWG-2, with §'80ygyow assigned to be 5.75 %o and A’*7Qg 5305 assigned as —60 ppm. The standard deviation values (10) reported for A”*7O refer
specifically to A”"70g s30s. For A”"70g 528 and A”7Og 525, 105/~ —0.024 data, the 1o values are of very similar magnitude.

A. Open University measurements

Sample n 87Oysmow o o/Nn 8"®Oysmow o o/Nn A"7Ogs305,y =0 A"Ooszs, v =0 A" Ogsas, 105 = —0.024 o o/vn

(%o) (%o0) (%o0) (%o) (%o) (%o0) (ppm) (ppm) (ppm) (ppm)  (ppm)
UWG-2 garnet 16 2.986 0.023 0.006 5.750 0.046 0.011 —-60 —46 -4 4.9 1.2
KRS 14 -13.453 0.048 0.013 -25.200 0.093 0.025 -4 —68 —-121 9.9 2.7
SKFS 9 17.658 0.127 0.042 33.932 0.242 0.081 —-199 -115 9 9.0 3.0
San Carlos olivine 9 2.409 0.089 0.030 4.641 0.173 0.058 -50 -38 0 8.5 2.8
NBS 28 quartz 5 5.009 0.021 0.010 9.555 0.040 0.018 —48 -25 28 7.3 3.2

B. Georg-August-Universitdt Gottingen measurements

Sample n 5'7Ovsmow o o/vn  8"®0ysmow [ o/Vn AV70gs305,y =0  A7O0s28 v =0 A 7O0s25, 10 = —0.024 [y o/Vn
(%o0) (%o0) (%o0) (%o0) (%o0) (%0) (ppm) (ppm) (ppm) (ppm)  (ppm)
UWG-2 garnet 68 2.986 0.053 0.006 5.750 0.100 0.012 —-60 —46 -4 8.1 1.0
KRS 9 -13.295 0.143 0.048 -24.899 0.267 0.089 -8 =71 -123 9.5 3.2
SKFS 23 17.422 0.218 0.045 33.477 0.414 0.086 —-196 —-114 9 9.3 1.9
San Carlos olivine 33 2.725 0.068 0.012 5.240 0.123 0.021 —-51 -38 1 8.8 1.5
NBS 28 quartz 3 4.939 0.006 0.004 9.452 0.016 0.009 —-60 -37 16 3.8 2.2
A. NBS28 @
——i
SKFS UWG-2 San Carlos olivine KRS
— —O—i —— ——i
—— —o— . —e—
. . . . , ey
-200 -195 -65 -60 -55 -50 -45 -15 -10 -5
117,
A""Oq 5305 (ppm)
B. ————i
. NBS 28
SKFS KRS UWG-2 San Carlos olivine
—e—
——i —O0—i ——i
-120 -115 -110 -75 -70 -65 -45 -40 -35 -30 -25 -20

A0 55 (ppm)

C. . e
San Carlos olivine NBS 28
—e——i
——i
KRS UWG-2 SKFS
—— —O— ——
—— —O— —e—
-125 -120 -10 -5 0 5 10 15 20 25 30 35

A"00 55, 10% = 0,024 (PPM)

Fig. 2. Comparison of A0 5305, A’270g 525 and A’1700,525, 103 = —0.024 determined from replicate measurements of proposed silicate standards KRS and SKFS,
together with corresponding results from San Carlos olivine and NBS 28 quartz. Error bars represent + standard error of the mean, o/vn. Key to symbols: Open
University data (@); Georg-August-Universitit Gottingen data (). A”7Og s30s results were normalized to UWG-2 = —60 ppm (O Open University, <& Georg-August-
Universitit Gottingen), which provided the basis of the 8'”Oygyow data used for calculations of A”*7O relative to other reference lines, in conjunction with 8'®0ysyow

values normalized to UWG-2 = 5.75 %o.



M.F. Miller, et al.

olivine (as representative of Earth’s mantle) fits on the reference line.
No definition of A”*70 is inherently superior to any other, although
for identifying unusual isotopic compositions it is advantageous to use a
reference line of slope that is close to that of the fractionation array
given by the samples under consideration. So, for meteoric waters,
snow and ice core samples, assigning Ay, as 0.528 (and yg, = 0), as is
the established convention, is sensible. For investigations involving
oxygen isotopic exchange between waters and rocks, reporting both
water and silicate A”*7O values relative the VSMOW-SLAP line is ad-
vantageous. Empirical values of A for silicate rocks and minerals,
however, generally range from 0.524 to 0.529 (as noted above) and
there is currently no consensus on a favoured reference line for defining
A’Y70. Rather than be prescriptive, we use the three different examples
defined above to provide a comparison of our results in Fig. 2.

5.1. Data assessment and comparisons

Table 1 shows that the standard deviation (10) of the mean 8'%0
value of fourteen replicate measurements of KRS at the Open University
was less than 0.1 %o, with the corresponding value for 8'70 being less
than 0.05 %o. This indicates that the sintering procedure used to pre-
pare KRS produced a material that is sufficiently homogenous in oxygen
isotopic composition for the intended purpose. Although greater
variability was apparent from the corresponding measurements at
Georg-August-Universitdt Gottingen, the associated A 0¢.5305 value
was of very similar precision to that obtained at the Open University.

For the SKFS flint, Table 1 shows that variations in 8'”0 and 80
were notably higher than in any of the other four silicates included in
this investigation, which is probably related to the comparative diffi-
culty of fluorinating quartz (Spicuzza et al., 1998; Tanaka and
Nakamura, 2013). Despite this, the standard deviation of the associated
AY70,.5305 value as measured at either institution was <10 ppm. Fur-
thermore, it is particularly striking that, for a given A””0O definition,
AY70 values determined at the two institutions are in very good
agreement. Similarly for A”"70 values of KRS, with the very small dif-
ferences being essentially at or close to the measurement precision
limit. For the purpose of defining a two-point high precision reference
line for silicate A’Y”O measurements, we therefore consider that KRS
and SKFS are both suitable materials, despite the measurement un-
certainties associated with the respective §'70 and §'®0 values. In
contrast, a difference of 11-12 ppm between the two institutions was
obtained for A0 measurements of NBS 28 quartz. This may be re-
lated, at least in part, to the small number of replicate measurements.

An additional point evident from Table 1 is that there is some
compression of the 8'”Oygyow and 8*80ygyow scales as recorded by the
mass spectrometer at Georg-August-Universitdt Gottingen compared to
the equivalent data measured on a nominally identical instrument at
the Open University. We cannot be confident, of course, that the Open
University measurements are not also affected to some extent by scale
distortion. Because of the very close agreement obtained for A*70Q
measurements of SKFS and for KRS, the samples most enriched and
depleted (respectively) in the minor isotopes of oxygen, it is evident
that 8'”Oysmow and 8'®0ysyow scale compressions on the Gottingen
instrument were of identical magnitude. Recently, Yeung et al. (2018)
noted that pressure baseline effects, resulting in scale distortion, are a
potential source of inaccuracy in oxygen triple-isotope measurements.
The authors argued that the resulting non-linearity may be a con-
tributory factor to literature disagreements on the oxygen triple-isotope
differences between Earth’s mantle, air O, and VSMOW, and could also
perhaps explain the frequent revisions to the isotopic composition of
some standards. Fortunately, however, Yeung et al. (2018) concluded
that the linear stretching corrections for 8'80 and §'70 (as commonly
adopted) are rigorous for pressure baseline-induced errors, if the ana-
lyte O, is of high purity.

Our results as presented in Table 1 demonstrate that the compara-
tive AY70 data (regardless of reference line assignment) are more
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robust, in terms of inter-laboratory reproducibility, than the 8'70 and
880 values from which they are derived. For consistency of numerical
values, normalizing the 8'0 and A’*”0 data is recommended. Although
we have chosen to normalize to assigned 8'®0ygmow and A’1700_5305)
y=o for UWG-2, a similar exercise may be conducted by normalizing to,
for example, San Carlos olivine, with appropriate values. We note that
the San Carlos olivine used at the Open University is Type I
(Macpherson et al., 2005; Thirlwall et al., 2006); it was supplied many
years ago by David Lowry (Royal Holloway, University of London). In
contrast, the San Carlos olivine used at Georg-August-Universitdt Got-
tingen appears to conform to the (more usual) Type I Despite the §'0
difference between Types I and II, we observed no distinction (within
measurement precision) between the respective AY70 values, when
reported to a common reference line.

As an aside, we note that numerical inversion computations (per-
formed by INB) similar to the approach used by Bindeman et al. (2018),
with 8'%0 and A’*”Qqs305 values for SKFS as reported in Table 1, in
conjunction with quartz-water oxygen isotopic equilibrium fractiona-
tion data from Sharp et al. (2016), give a formation temperature of
approximately 35 °C and with the 8180 value of the parent water being
of the order —0.5 to —0.8 %o relative to VSMOW. This suggests that the
flint nodule closely represents the original precipitate from marine or
near-coastal waters, fitting the quartz-water fractionation line rather
than a mixing curve connecting the primary value to low-8'%0 sec-
ondary waters. Thus, the flint appears to have not interacted sig-
nificantly with diagenetic or secondary meteoric waters since nodule
formation.

5.2. Evaluation of a KRS-SKFS reference line for silicate A”’70
measurements

Linear least-squares regression of replicate 10°In(1 + 870)
versus 10%In(1 + 8'%0) values of KRS and SKFS produced a line char-
acterized by A = 0.52720 + 0.00014 (95 % confidence) on the basis of
Open University measurements. The comparable result determined
at  Georg-August-Universitdt = Gottingen was very  similar:
A = 0.52727 + 0.00013. Scatter of the individual measurements about
the respective regression line is illustrated in Fig. 3. It is important to
note that this A value has no inherent physical significance, as the two
rocks are geologically unrelated. With 8’70 and §'®0 data reported
relative to VSMOW, based on our normalizing to UWG-2 garnet, the
corresponding 10% value of the two-point line is -89 + 4 (Open Uni-
versity) and -90 * 4 (Georg-August-Universitdt Gottingen), with un-
certainties referring to the 95% confidence interval. Clearly, there is
very good agreement about the definition of this potential reference
line (KRS-SKFS), based on the measurements made at the two institu-
tions.

Table 2 reports the resulting A”*”0 values (+10) of UWG-2, San
Carlos olivine and NBS 28 relative to the KRS-SKFS line. The very small
(2 ppm) difference between the Open University and Georg-August-
Universitit Gottingen results for A”*”Oggs_skrs of UWG-2 and for San
Carlos olivine, respectively, is significantly less than the associated
measurement precision. Although comparative measurements on NBS
28 showed a 12 ppm difference, this is the same as for the corre-
sponding A”70O data based on assigned (rather than empirical) re-
ference lines, such as A”V70 5305 and A’270g 55 (Table 1) and might be
related to the small number of replicate measurements, besides the
inherent difficulties of fluorinating NBS 28 without complications.

Because A””Oygrs_skrs data are independent of the isotopic compo-
sition of the reference gas relative to which the corresponding §'70 and
8180 values are reported, there is no dependence on the accuracy of
calibration to the VSMOW scale, nor indeed to any other scale. Thus, as
shown in Table 2, the values as measured relative to the working
standard O, (87Ows and 8'®0ys data) may be used instead of the
corresponding 8'”Oysyow and 8'®0ysyow results. Decoupling the ac-
curacy of A0 measurements from the accuracy of calibrating the
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A. Open University measurements Fig. 3. Illustrating the deviation (A’*”Oggs_skrs) of individual
data points from the linear least-squares regression line of
2 10%In(1 + 8'70) versus 10°In(1 + 8'%0) defined by replicate
& nor measurements of KRS and SKFS. The A’'”Oggrs skrs data are
. ~ 20 } independent of the reference (such as VSMOW or the working
‘% standard O,) relative to which the corresponding §'70 and
R g 5T 8'80 are reported. The KRS-SKFS line as measured at the
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working standard O relative to VSMOW is a major advantage of this
approach, leading to greater confidence in the comparison of A*”0 data
from different laboratories. Fig. 4 illustrates our AV Oyrs_skrs data for
UWG-2, San Carlos olivine and NBS 28, relative to the corresponding
8'80ysmow values.

The same methodology can be applied (for illustration of the prin-
ciple) to the non-normalized measurements of VSMOW and SLAP at
Georg-August-Universitdt Gottingen reported by Pack et al. (2016).
Those data form a line characterized by A. = 0.5270 and 103y = 0.340

Table 2

%o, using 870 and 8'®0 data reported relative to the laboratory’s
working standard O,. Relative to this line as a reference, §'”Oyws and
8'80yys values of San Carlos olivine gave A0 =367 ppm (10),
which is identical to the value obtained when the isotopic data were
normalized to the VSMOW-SLAP scale. A similar comparison can be
made using the Okayama University data from the same study, giving
AY70 of San Carlos olivine = -39 + 7 ppm (10).

It should be clear, however, that there is still a need for more la-
boratories to calibrate the §'70 and §'®0 values of their working

A’Y70 and associated standard deviation (+10), rounded to integer values, of UWG-2, San Carlos olivine and NBS 28 reported relative to the KRS-SKFS reference line.
The slope (M) of the line is independent of the isotopic composition of the O, relative to which all 870 and 880 data are reported, whereas yg;, the ordinate offset
of the line from the zero point of the scale, is not. The precision values of the slope and intercept refer to the 95% confidence interval. The 8'7Oysmow and 8'0ysmow

data were normalized to measurements of UWG-2, §'®0yspow = 5.75%0, A" 7Og 5305 = — 60 ppm.
A/17OKRS—SKFS (ppm)

A 10%y UWG-2 San Carlos olivine NBS 28
Open University measurements
Using §'7Ows and §'%0ys data 0.52720 * 0.00014 0.282 + 0.004 47 +5 54+ 8 72+7
Using 8'”Oysmow and 8'®0ygyow data 0.52720 + 0.00014 —0.089 + 0.004 47 +5 54+ 8 72+7
Georg-August-Universitit Gottingen measurements
Using §'7Ows and §'%0ys data 0.52727 + 0.00013 0.273 + 0.003 49+ 8 56+ 9 60 + 4
Using 8'7Oysmow and 8'®0ygyow data 0.52727 + 0.00013 —0.090 + 0.004 49+ 8 56 + 9 60 + 4
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Fig. 4. Illustrating a comparison of A”*”Oggg_skrs versus 8'0ysyow values of
UWG-2, San Carlos olivine and NBS 28. Symbols are as for Fig. 1. Associated
error bars indicate standard error of the mean. Where no error bars are shown,
this indicates that the standard error is smaller than the size of the associated
data point symbol. The 95% confidence intervals of the reference line relative
to which the A”7Oxgs_skrs values are calculated are also shown (- - - - - Georg-
August-Universitdt GOttingen; ... Open University). The difference between
the 8'®0ygmow values shown for San Carlos olivine is attributed to Type I being
used at the Open University whereas the sample analyzed at Georg-August-
Universitit Gottingen was of Type II.

standard gas relative to VSMOW and to check for instrument-related
non-linearity of the respective 3 scales by measurements of VSMOW
and SLAP. Every study that utilizes oxygen triple isotope ratio mea-
surements of silicates, oxides, phosphates, carbonates or other solids for
investigations involving interaction with water (e.g., Pack et al., 2013;
Herwartz et al., 2015; Bindeman et al., 2018) faces the problem that the
water data may be accurately reported on the VSMOW scale whereas
data from the solids may be on a different scale. Therefore, even if the
measurements are of high precision, they might not be appropriate for
investigating specific questions in nature. Comparisons between theory
(or modelling) and actual measurements require that all the A0 va-
lues are based on the same scale.

6. Conclusions

High precision A”*”0O determinations of silicate rocks and minerals
depend on relating the isotopic measurements accurately to the
VSMOW-SLAP scale, or to accurately calibrating the isotopic composi-
tion of the laboratory working standard O, to VSMOW, if A'Y70 data are
reported relative to a reference line characterized by assigned values of
Are and ygr.. These calibration requirements are technically challenging.
Furthermore, many laboratories which report oxygen triple-isotope
ratio measurements of rocks and minerals do not have the facility for
making similar measurements on waters.

We have accurately characterized A””70 values of two silicates
spanning a greater §'%0 range than VSMOW-SLAP and suggest that
these materials may be used for the reporting of A”*7O data. Because of
the mass-dependent variation of '”0/*°0 with '%0/'°0, A””0 is a more
robust characterization of the oxygen isotopic composition of rocks and
minerals than are the corresponding §'70 and 8'®0 values and can be
determined to greater precision. Our flint standard, designated SKFS,
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has AV70¢s08 = -114 + 2 ppm (standard error). This material can
therefore be used to calibrate the position of a reference line of assigned
slope such that it passes through the zero point of the VSMOW scale.
The accuracy of this calibration is dependent on the accuracy of our
normalizing the A”*7Qq 5305 value of UWG-2 garnet to —60 ppm (or
A0y 505 to —46 ppm).

Alternatively, in combination with our low-§'20 silicate standard,
designated as KRS (A"*70gs2s = —69 * 3 ppm, standard error), an
empirical two-point silicate reference line may be defined from high
precision 8'70 and 8'®0 measurements of these two materials. A”\70
data of rock and mineral samples reported relative to this reference line
are independent of whether 8'70 and 8§80 data are reported relative to
VSMOW or to the ‘working standard’ O,, of any isotopic composition.
This confers significant advantages for inter-laboratory comparisons.

The 8'®0 values of KRS and SKFS cannot be characterized as ac-
curately or precisely as the corresponding A”'”0 data relative to a re-
ference line of assigned slope, such as A”*”Qg 525 0r A”Y70g 5305. Some
degree of inherent isotopic inhomogeneity undoubtedly contributes to
the 8'%0 variations. Our ‘best estimates’ are: 8Oysmow =
-25.20 * 0.09 %o (10) for KRS; 8'®0ysmow = 33.93 * 0.24 %o (10) for
SKFS.

Samples of KRS and SKFS may be obtained, on request,
from any of the authors (contact email addresses:
m.f.miller@open.ac.uk; andreas.pack@geo.uni-goettingen.de;  bin-
deman@uoregon.edu; r.c.greenwood@open.ac.uk).

7. Addendum

While this paper was in review, oxygen triple isotope measurements
of KRS and SKFS were made at the University of Oregon, concurrently
with either or both UWG-2 garnet and San Carlos olivine. The fluor-
inating reagent was BrFs and a Thermo Fisher MAT 253 was used for
the isotope ratio measurements. Details of the experimental procedure
are described in the Supplementary Information to Bindeman et al.
(2018). For comparison with the data shown in Table 1, we report here
the normalized §'®0 and A”'70q 5305 mean and standard error values
obtained for KRS and SKFS, respectively: -24.702 * 0.086 %o,
-11 = 6 ppm (KRS, n = 9); 33.936 = 0.150 %o, —205 + 7 ppm (SKFS,
n = 9). Additionally, for NBS 28: §'80 = 9.388 + 0.200, A"*”Q¢ 5305 =
—62 = 3ppm (n = 3).

For comparison with Table 2, the replicate 8§70 and §'®0 mea-
surements of KRS and SKFS relative to the University of Oregon’s
working standard O, showed that least-squares linear regression of the
10°In(1 + 870Ows)  versus  10%In(1 + 8'%0yg) data  gave
A = 0.52719 =+ 0.00032 (95% confidence interval). With the working
standard having been calibrated on the VSMOW-SLAP scale at the De-
partment of Earth and Space Sciences, University of Washington,
Seattle, the ordinate axis offset 10>y of the KRS-SKFS line from VSMOW
was -0.091 = 0.009 (95% confidence interval). Relative to this re-
ference line, the A”'”Ogprg.skrs mean and standard error values obtained
for UWG-2, San Carlos olivine and NBS 28, respectively, were: 51 = 9
(n=17),51 £8 (n=25)and 68 = 6 ppm (n = 3). All measurements
were made later than at the Open University and at Georg-August-
Universitdt Gottingen because of INB being on six months sabbatical
leave overseas during 2019.
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