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We document the development of a suite of carbonate
mineral reference materials for calibrating SIMS deter-
minations of d18O in samples with compositions along
the dolomite–ankerite solid solution series [CaMg
(CO3)2–CaFe(CO3)2]. Under routine operating condi-
tions for the analysis of carbonates for d18O with a
CAMECA IMS 1280 instrument (at WiscSIMS, University
of Wisconsin-Madison), the magnitude of instrumental
bias along the dolomite–ankerite series decreased
exponentially by ~ 10‰ with increasing Fe content in
the dolomite structure, but appeared insensitive to
minor Mn substitution [< 2.6 mol% Mn/(Ca+Mg+-
Fe+Mn)]. The compositional dependence of bias (i.e.,
the sample matrix effect) was calibrated using the Hill
equation, which relates bias to the Fe# of dolomite–
ankerite [i.e., molar Fe/(Mg+Fe)] for thirteen reference
materials (Fe# = 0.004–0.789); for calibrations
employing either 10 or 3 lm diameter spot size
measurements, this yielded residual values ≤ 0.3–0.4‰
relative to CRM NBS 19 for most reference materials in
the suite. Analytical precision was ± 0.3‰ (2s, standard
deviations) for 10-lm spots and ± 0.7‰ (2s) for 3-lm
spots, based on the spot-to-spot repeatability of a drift
monitor material that ‘bracketed’ each set of ten
sample-spot analyses. Analytical uncertainty for indi-
vidual sample analyses was approximated by a
combination of precision and calibration residual val-
ues (propagated in quadrature), suggesting an uncer-
tainty of ± 0.5‰ (2s) for 10-lm spots and ± 1‰ (2s)
for 3-lm spots.

Keywords: secondary ion mass spectrometry, oxygen
isotopes, dolomite, ankerite, matrix effects.

Nous documentons le d�eveloppement d’une s�erie de
min�eraux carbonat�es de r�ef�erence pour calibrer les
d�eterminations �a la SIMS du d18O dans les �echantillons
avec des compositions se situant le long de la solution
solide dolomite-ank�erite [CaMg (CO3)2–CaFe (CO3)2].
Dans des conditions de fonctionnement en routine pour
l’analyse du d18O des carbonates avec un instrument IMS
1280 (WiscSIMS, Universit�e du Wisconsin, Madison),
l’ampleur du biais instrumental le long de la s�erie
dolomite-ank�erite diminue de fac�on exponentielle de ~

10‰ avec l’augmentation de la teneur en Fe dans la
structure de la dolomite, mais semble insensible �a la
substitution mineure Mn (< 2,6 mol% Mn/
(Ca + Mg + Fe + Mn)). La d�ependance du biais �a la
composition (i.e., l’effet de la matrice de l’�echantillon) a �et�e
calibr�ee en utilisant l’�equation de Hill, qui relie le biais au
Fe# de la solution solide dolomite-ank�erite (i.e., Fe/
(Mg + Fe) molaire) pour treize mat�eriaux de r�ef�erence
(Fe# = 0,004–0,789); pour les calibrations employant des
diam�etres de spots de 10 lm ou de 3 lm, cela a donn�e
des valeurs r�esiduelles ≤ 0,3–0,4‰ par rapport au CRM
NBS 19 pour la plupart des mat�eriaux de r�ef�erence de la
suite. La pr�ecision analytique �etait de ± 0,3‰ (2s) pour les
spots de 10 lmet de ± 0,7‰ (2s) pour les spots de 3 lm,
bas�e sur la r�ep�etabilit�e spot �a spot d’un mat�eriau de
contrôle de la d�erive encadrant chaque ensemble de dix
analyses ponctuelles d’�echantillon. L’incertitude analytique
pour les analyses d’un �echantillon individuel a �et�e
approch�ee par une combinaison des valeurs de pr�ecision
et d’�etalonnage r�esiduelles (propag�ee en quadrature), ce
qui sugg�ere une incertitude de ± 0,5‰ (2s) pour les spots
de 10 lm et de ± 1‰ (2s) pour les spots de 3 lm.
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The fractionation of stable carbon and oxygen isotopes
(d13C and d18O) in carbonate minerals yields widely
employed and well-established proxies in the geosciences
that are often used to constrain conditions during sediment
diagenesis (e.g., Arthur et al. 1983, Dutton and Land 1985,
Longstaffe 1989, Fayek et al. 2001) and metamorphism
(e.g., Baumgartner and Valley 2001, Bowman et al. 2009,
Ferry et al. 2014), or to reconstruct secular changes of
climatic and palaeoceanographic conditions on Earth (e.g.,
Veizer et al. 1997, Jaffr�es et al. 2007, Prokoph et al. 2008,
Orland et al. 2009, Kozdon et al. 2011) and the evolution
of the early Martian environment (e.g., Valley et al. 1997,
Leshin et al. 1998, Eiler et al. 2002, Holland et al. 2005,
Shaheen et al. 2015). The application of secondary ion
mass spectrometry (SIMS) in the Earth and space sciences
offers an unprecedented spatial resolution for precisely
investigating isotopic records at the micrometre scale. The
ability to make these measurements in situ from a grain
mount or thin section allows measurement of zoning and
correlation to textures. However, a critical aspect of further
advancing analytical methods of carbonate mineral analysis
is the continued development of reference materials to
correct for complex but systematic instrumental mass frac-
tionation (IMF) effects (hereafter referred to as ‘bias’) that can
significantly affect analytical accuracy.

An isotope ratio measured by SIMS can be highly
precise. For example, a spot-to-spot precision of ≤ 0.3‰ (2s,
standard deviation) is routinely achievable in measurements
of d18O in many silicate and carbonate minerals (Valley and
Kita 2009). However, measured isotope ratios are inherently
different from the true isotopic composition of an element
within a sample material (Hervig et al. 1992, Eiler et al.
1997; Valley and Kita 2009). This is due in part to mass
fractionation that occurs: (1) during the production and
acceleration of ions from the sample (Fitzsimons et al. 2000,
Huberty et al. 2010, Kita et al. 2011), (2) during secondary
ion transmission through the mass spectrometer and (3)
during detection. Mass fractionation associated with the
interaction between the primary ion beam and the sample is
in turn related to the chemical composition and atomic
structure of the sample. Collectively, these instrumental mass
fractionation effects can be referred to as the measurement
or instrumental ‘bias’, sensu VIM (2008). The term ‘bias’
denotes an ‘estimate of a systematic measurement error’, the
causes of which can be known or unknown (2.18, VIM
2008). A systematic measurement error is the ‘component of
measurement error that in replicate measurements remains
constant or varies in a predictable manner’ (2.17, VIM
2008). Importantly, ‘a correction can be applied to
compensate for a known systematic measurement error’
(2.17 NOTE 2, VIM 2008). There is at present no adequate

theoretical model for accurately predicting secondary ion
yields or isotope ratios during the sputtering process;
accurate isotope ratio measurements thus require the use
of matrix-matched reference materials (RMs) that are
analysed together with unknown samples under consistent,
analytical session-specific conditions and configurations of
the ion microprobe (Hervig et al. 1992, Eiler et al. 1997,
Fitzsimons et al. 2000, Valley and Kita 2009, Ickert and
Stern 2013). For minerals exhibiting solid solution behaviour,
accurate isotope ratio determinations are possible only if a
sufficient number of RMs is employed to empirically charac-
terise, on a session-by-session basis, how instrumental bias
varies as a function of chemical composition.

Instrumental bias effects for d18O analysis of carbonates
by SIMS have been studied for various end-member
compositions (e.g., Eiler et al. 1997, 2002, Valley et al.
1997, Kozdon et al. 2009, Valley and Kita 2009, Rollion-
Bard and Marin-Carbonne 2011), but the functional
relations between bias and cation substitution along the
various solid solutions are poorly known. The focus of this
study is a thorough empirical characterisation of SIMS d18O
bias for the dolomite–ankerite series (CaMg(CO3)2–CaFe
(CO3)2), which has previously been investigated only to a
limited extent (e.g., Riciputi et al. 1998, Fayek et al. 2001).
We report here on the development of a suite of d18O
reference materials and a bias calibration, while the nature
of d13C bias for the dolomite–ankerite series is the focus of
part II of this study.

The motivation for this two-part study stems from the
importance of carbonate d18O and d13C records in the
geosciences, especially in the field of reconstructing past
climatic conditions throughout the evolution of the Earth
system, in addition to their prevalent use in the field of
sediment diagenesis. Sediments and sedimentary rocks of
pre-Holocene age form a carapace that covers approxi-
mately 66% of the Earth’s surface (Blatt and Jones 1975)
and record the evolution of marine and terrestrial environ-
ments over the course of the last ~ 3.8 billion years.
Carbonate rocks composed largely of the minerals calcite/
aragonite and those of the dolomite–ankerite series com-
prise some 15% of this record (Tucker and Wright 1990);
their occurrence is widespread through time, dating back to
the Archaean (e.g., Veizer et al. 1989, Veizer et al. 1990).
Further, carbonate minerals feature prominently in the fossil
record, as carbonate precipitation is strongly mediated by
biological and biochemical processes (e.g., Tucker and
Wright 1990). Fossils contained within sedimentary
sequences record the first appearance and subsequent
evolution of life; they occur in the form of physical bodily
remains (e.g., mineralised exoskeletons and other ‘hard
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parts’), microbially induced sedimentary structures (e.g.,
stromatolites) or in the form of chemical fingerprints of
biological activity (e.g., carbon isotope fractionation signa-
tures). The earliest, readily observable evidence of the latter
remains preserved as carbonate-cemented stromatolitic
structures that date back to 3.47 Ga (e.g., from North Pole
Dome, Pilbara Craton, Australia; Buick 2003). These are
layered mounds of sediment accreted through the growth of
microbial mats and cemented by precipitates formed by
metabolically induced changes in the local chemistry of the
surrounding microenvironment. Chemical evidence of life, in
the form of a biologically induced fractionation of carbon
isotopes preserved in kerogen (fossil organic matter) and its
hosting carbonate sediment, dates back somewhat further to
3.52 Ga (Coonterunah Group of NW Australia; Buick
2003).

From the perspective of economic geology, interest in
isotopic studies of carbonates – as a means of understand-
ing their genesis and alteration history – derives from the fact
that carbonates are of considerable importance as hydro-
carbon reservoirs and as hosts for ore deposits (e.g.,
dolomite-hosted Mississippi Valley type Pb and Zn ores;
see review by Warren 2000). Approximately 50% of the
world’s major petroleum reserves are contained within
carbonate rocks (Tucker 2001, Ahlbrandt et al. 2005),
about half of which are dolomites (Zenger et al. 1980,
Warren 2000). Carbonate cements, comprised largely of
calcite, dolomite–ankerite and siderite, are among the
predominant authigenic precipitates in sandstones; under-
standing their evolution and spatial distribution in relation to
progressive sediment burial and diagenesis is thus of
importance to reservoir evaluation (Morad 1998). Diage-
netic studies of carbonate rocks and of sandstone-shale
systems commonly employ the d18O record of zoned
carbonate cements to help constrain: (a) temperatures
during different stages of sediment burial and cementation,
(b) the evolution of pore water d18O, (c) the pathways and
timing of fluid/brine migration events and (d) the sources of
cementing material (e.g., Arthur et al. 1983, Dutton and
Land 1985, Longstaffe 1989, Fayek et al. 2001). The
corresponding d13C values aid in identifying the source(s) of
carbon (e.g., dissolved inorganic carbon in seawater versus
carbon derived from different pathways of organic matter
degradation/recycling by microbial communities).

The most abundant carbonate minerals in the rock
record, and arguably the most commonly analysed in the
above applications, are calcite/aragonite and compositions
of the dolomite–ankerite series. Recent advances in the SIMS
technique afford a new dimension to such studies by
allowing isotopic records to be investigated in situ on the

micrometre scale, provided that instrumental bias can be
properly calibrated via the development and implementa-
tion of well-characterised, matrix-matched reference
materials.

Experimental procedures

Overview of the methodological approach

We examined naturally occurring carbonate mineral
samples with compositions along the dolomite–ankerite
solution series and assessed the extent to which each was
both chemically and isotopically (d18O) homogenous. Over
forty potential reference materials were evaluated to identify
the thirteen d18O RMs reported here and used in the
WiscSIMS Laboratory. A quantity (ca. 1–5 g) of each
potential reference material was crushed and sieved to a
grain size of 500–1000 lm. Clean grain separates were
then prepared by handpicking under a binocular micro-
scope. Twenty representative grains were chosen at random
and made into grain mounts (see next section) and then
evaluated first by BSE-SEM imaging (back-scattered electron,
scanning electron microscopy). Those samples that exhibited
only minimal or no contrast at maximum BSE-amplifier gain
(i.e., minimal variations in mean atomic number) were
chosen for further testing; they were evaluated semi-quan-
titatively by EDX-SEM (energy dispersive X-ray spectrometry)
to identify desired compositions along the dolomite–ankerite
series, and later by electron probe microanalysis (see section
on EPMA below) for quantitative analysis of the cation
chemistry (typically three analyses per each of twenty grains).
SIMS d18O bias is expressed here in relation to the Fe#
[= molar Fe/(Mg+Fe)] of dolomite–ankerite, as determined
by EPMA. These materials were subsequently evaluated in
terms of d18O-variability on a scale of 10 lm by SIMS
(instrumental configuration described below). The d18O
value of each potential reference material was measured
once from each of n = 20 grains; a potential reference
material passed testing if the value of 2 standard deviations
(2s) of those n = 20 measurements was < 0.3‰. Accep-
tance of materials for use as SIMS d18O reference materials
was based on the following considerations. During calibra-
tion of the IMS 1280 instrument at WiscSIMS for work on
minerals that exhibit solid solution behaviour, each reference
material from the relevant suite of reference materials is
measured four times (four different grains, once each) and
an average ‘raw’ d18O value is calculated for use in
determining the magnitude of instrumental bias in relation to
chemical composition. Thus, an acceptable (and practical)
SIMS d18O reference material for routine use, employing a
10 lm diameter spot size, is one for which the value of
two standard deviations of n = 4 analyses varies by less
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than ± 0.3‰ from spot to spot; this level of variability is
expected based on considerations of instrument stability,
counting statistics, as well as the sample-mount to sample-
mount reproducibility of d18O values measured from a
nominally homogenous material. For reference materials
with slight heterogeneity, a 2s value of up to ± 0.5‰ was
considered acceptable. Powdered aliquots of those mate-
rials that were accepted for use as reference materials were
lastly analysed in triplicate by conventional phosphoric acid
digestion and gas-source mass spectrometry to calibrate the
d18O VSMOW value of each reference material (see section
below).

Preparation of grain mounts

Grain mounts were prepared as 25-mm-diameter
epoxy rounds (using Buehler EpoxyCure). All grains were
placed within a radius of 5 mm from the geometrical centre
of the mount so as to minimise any potential mass
fractionation effects that have previously been observed
near the edge of the sample holder. The raised lip of the
sample holder covers the outer edge of the 25-mm epoxy
round at a radial distance of 10 mm from the geometric
centre of a normal holder (Kita et al. 2009), although new
larger holders extend the uncovered sample surface to
11 mm (Peres et al. 2012). Several grains of calcite
reference material UWC-3 (Kozdon et al. 2009) were
positioned near the centre of each mount to serve as a
drift monitor during calibration. The analytical surface was
polished to a 0.25-lm finish using oil-based polycrystalline
diamond suspensions (Buehler MetaDi Supreme) and Allied
TECH-Cloth (chosen to help keep polishing relief to less than
a few micrometres).

Compositional analysis by EPMA

Chemical analyses of the various dolomites and
ankerites examined were performed using a CAMECA
SX-51 instrument at the Cameron Electron Microprobe
Laboratory (Department of Geoscience, University of Wis-
consin-Madison). Data were collected during five analytical
sessions; session-specific operating conditions, including the
background correction methods employed and count rate
acquisition times, are detailed in online supporting informa-
tion Appendix S1. Care was taken to minimise beam-
induced sample damage by defocussing the electron beam
to either a 5 or 10 lm diameter. Damage of carbonate
minerals during analysis can affect the stability and induce
drift in characteristic fluorescent X-ray intensities; this was
corrected by a feature in Probe for EPMA software
(Donovan et al. 2007) called ‘TDI’ (time-dependent inten-
sity), where data plotted in ‘measured X-ray intensity’ versus

‘time’ space are first detrended before the application of
ZAF corrections.

The electron microprobe was standardised with the
following reference materials for each of the cations
determined: Delight dolomite (Ca, on a PET analyser crystal;
Mg, TAP crystal), USNM 460 siderite (Fe, LiF crystal),
rhodochrosite (Mn, LiF crystal) and strontianite (Sr, TAP
crystal). Replicate measurements of the above reference
materials were used to constrain the analytical precision
during each session and to calculate the deviation between
measured and accepted values (Appendix S1).

Grain mounts were coated with carbon (25 nm thickness)
for EPMA; this carbon coat was subsequently removed prior to
SIMS analysis, for which the sample surface was coated with a
thin layer of gold to make it electrically conductive. Because
part II of this study concerns the determination of carbon
isotopes by SIMS, we were exceptionally careful in removing
the carbon coat applied for EPMA; the grain mounts were
repolished using a 0.25-lm oil-based polycrystalline dia-
mond suspension, oils were removed by multiple alternating
rinses in ethanol and de-ionised water (with brief ultrasound
treatment), and each grain was individually inspected by
reflected-light microscopy to verify that no remnants of the
carbon coat were present.

Oxygen isotope determinations by SIMS

Oxygen isotope measurements were taken using a
CAMECA IMS 1280 large radius multi-collector SIMS at the
WiscSIMS Laboratory (Department of Geoscience, University
of Wisconsin-Madison). The data set reported here was
collected during multiple analytical sessions over a three-
year period, employing both 10 and 3 lm diameter spot
sizes. The example calibration curves that will be presented
and discussed were constructed using data from session S12
(10 lm spot size) and session S14 (3 lm spot size).

Instrumental conditions during 10-lm-diameter spot
sessions (sessions S1, S2, S6, S7, S9, S11, S12) were similar
to those of Orland et al. (2009); a 10 keV, 1.3–1.4 nA
primary beam of 133Cs+ ions was focused to a ~ 10 lm
diameter on the sample surface. The depth of sputtered
sample pits was ~ 1 lm. Sample surfaces were made
conductive by coating with a thin layer of gold (ca. 600 �A),
and charge neutralisation was aided using an electron flood
gun. The intensities (count-rates) of oxygen ions (18O- and
16O-) were collected simultaneously by two Faraday cup
detectors (H1 and C, respectively), with a mass resolving
power of 2500 for 18O and 16O. A typical intensity of 16O-

ions was in the range of 2–3 9 109 cps (counts per
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second). The duration of a single 10-lm spot measurement
was ~ 4 min, which included an initial 10 s of pre-sputtering
to remove the overlying gold coat, followed by an
automated ~ 60 s routine that centred the secondary ion
beam in the field aperture and optimised its transmission into
the mass spectrometer, and lastly a collection period of 80 s
for the 18O- and 16O- ion signals (twenty cycles of 4 s
integrations).

In contrast to 10-lm-diameter spot sessions, instrumental
conditions during the 3-lm session (S14) were similar to
those reported in Kozdon et al. (2009) and Vetter et al.
(2013). A 10 keV, 30 pA primary beam of 133Cs+ ions was
focused to a ~ 3 lm diameter on the sample surface, with a
sputtering depth of 1–2 lm. Secondary 18O- and 16O- ion
signals were detected simultaneously using an electron
multiplier (H2) and a Faraday cup (L2), respectively. A typical
count rate for 16O- ions was in the range of 3–5 9 107 cps.
The duration of individual measurements during 3 lm spot
size sessions was ~ 6.5 min, which included 120 s of pre-
sputtering to remove the overlying gold coat, followed by an
automated ~ 60 s routine that centred the secondary ion
beam, and lastly a 200-s collection period for the 18O- and
16O- ion signals (twenty-five cycles of 8-second integrations).

Bulk d18O analysis by phosphoric acid digestion
and gas-source mass spectrometry

Each potential reference material that proved to be
suitably homogenous in d18O and cation composition was
analysed by conventional phosphoric acid digestion and
gas-source mass spectrometry (McCrea 1950) to determine
its d18O value relative to the VSMOW scale. Approximately
25 mg of clean, representative grains were powdered using
an agate mortar and pestle. Three ~ 5 mg aliquots were
then digested at 100 °C for > 4 hr in ‘103%’ phosphoric
acid (D = 1.93; Rosenbaum and Sheppard 1986). The
evolved CO2 gas was cryogenically purified and analysed
using a dual-inlet Finnigan/MAT 251 mass spectrometer.
The O-isotope fractionation factor between d18O of the
carbonate and d18O of the acid-extracted CO2 was
calculated using equation 4 of Rosenbaum and Sheppard
(1986). The reference materials NBS 19 (calcite; Verkouteren
and Klinedinst 2004) and/or (calcite) UWC-3 (Kozdon et al.
2009), calibrated to NBS 19, were measured as drift
monitor materials with each batch of three replicates.

Results and discussion

The suite of SIMS d18O reference materials representing
the dolomite–ankerite solid solution series consists of thirteen
carbonate materials, ranging in composition from end-

member dolomite to ankerite with a Fe# of 0.789 (Figure 1,
Table 1). The range of calibrated d18O values represented
by the suite extends from 9.19 to 22.60‰ VSMOW
(Table 2; Appendix A). This article is accompanied by online
supporting information appendices that contain (1) com-
plete EPMA and SIMS data sets (Appendices S1–S4), (2) the
error propagation associated with the construction of
working calibration curves (Appendix S5), (3) a description
of how sample analyses are corrected for SIMS d18O bias
and the associated propagation of errors (Appendix S6), (4)
additional examples of calibration curves (Appendix S7)
and (5) an assessment of the reproducibility of our
evaluation process of potential RMs (Appendix S8).

Instrumental mass fractionation (i.e., bias) during the
measurement of d18O reference materials is expressed by
the formulation

a18OSIMS ¼ 1þ ðd18Oraw=1000Þ
1þ ðd18OVSMOW=1000

Þ ð1Þ

(after Kita et al. 2009), where ‘d18Oraw’ represents the
background and detector dead-time (when electron multi-
pliers are used) corrected d18O value of a reference
material measured by SIMS; this value is expressed in
conventional per mil notation (‰) and calculated relative to
the 18O/16O ratio in VSMOW (i.e., normalised to
18O/16OVSMOW = 0.00200520 ± 45; Baertschi 1976),
but is not corrected for bias and is therefore not accurate
relative to VSMOW. The ‘d18OVSMOW’ term represents the
average d18O value of the same reference material
determined by conventional phosphoric acid digestion

Ca

FeMg

Figure 1. Carbonate Ca-Mg-Fe ternary diagram

showing the range of compositions of UW dolomite–

ankerite SIMS d18O calibration materials in this study.
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and gas-source mass spectrometry and is expressed on the
VSMOW scale (Vienna Standard Mean Ocean Water,
Coplen 2011, Gonfiantini 1978, see Appendix A). Values
can be converted to the VPDB scale (Vienna Pee-Dee
Belemnite) using the equation of Coplen et al. (1983).
Values of a18OSIMS are often close to unity; thus, for ease of
comprehension in plotting such values on graphics and
discussing them in-text, they are expressed using d-notation
in per mil (‰) and referred to as ‘bias’:

bias ð&Þ ¼ 1000 � ða18OSIMS-1Þ ð2Þ

Please note that while we make consistent use of d-
notation throughout this article, all equations have been set
up such that all multiplication and/or division operations are
always performed on a-terms (e.g., if two isotope ratio values
that are expressed using d-notation are to be multiplied or
divided, they are first converted to a-values, then multiplied
or divided, and subsequently converted back to values in
d-notation). We explicitly avoid the common approximation
where dA - dB ffi 1000ln(aA-B).

The values of bias for each of the d18O reference
materials, calculated by Equation (2), are tabulated in
Table 3 for multiple analytical sessions spanning a three-
year period. Table 3 includes the averages of the measured
d18Oraw values. The entire SIMS data set is provided in
online supporting information (Appendices S2–S4).

Effect of Fe substitution on SIMS d18O bias in
dolomite–ankerite

Calibration based on 10-lm spot data and a matrix
bias correction: An example of a 10 lm diameter spot size
calibration relating the magnitude of SIMS d18O bias to
variation in cation chemistry of the dolomite–ankerite solid
solution series is shown in Figure 2a. The discussion through-
out this subsection concerns data from analytical session S12
(Table 3). During the calibration process leading up to the
analysis of carbonate samples with compositions along the
dolomite–ankerite series, the d18O bias of each reference
material was expressed in relation (i.e., normalised) to the bias
of the end-member dolomite reference material (UW6220)
that was used to monitor instrument drift throughout the
duration of the analytical session:

bias�ðRM - UW6220Þ

¼ 1000 � 1þ ðbiasRM=1000Þ
1þ ðbiasUW6220=1000Þ

-1
� � ð3Þ

The associated propagation of errors is derived in
Appendix S5. Several grains of the drift monitor materialTa
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were comounted with samples, and each batch of ten
sample measurements was ‘bracketed’ by eight analyses of
this material. Thus, by systematically measuring the drift
monitor material throughout the analytical session, instru-
mental drift could be corrected and the d18O bias of each
sample-spot measurement (Appendix S6) could be appro-
priately scaled to the instrumental conditions at the time of
calibration.

The distribution of reference material data points in
relation to one another in the plot of bias*(RM-UW6220)
versus Fe# (Figure 2a) can be expressed using the Hill
equation [Equation (4); e.g., review of Goutelle et al. 2008],
which has wide-ranging applicability in describing empirical
relationships of the ‘component concentration’ versus ‘mea-
sured effect’ type, especially for systems that behave non-
linearly and reach saturation:

bias�ðRM-UW6220Þ

¼ ðbias�maxÞxn
kn þ xn

ðmatrix bias correctionÞ
ð4Þ

where ‘x’ is the Fe# (based on EPMA data), ‘n’ is a
sigmoidicity factor and ‘k’ = x (Fe#) at the value of ½

bias*max. For a hypothetical data set where the function
saturates as x approaches 1 (rather than being asymptotic,
as in this case), the term ‘bias*max’ would represent the
maximum observed bias*(RM-UW6220) in the suite of
reference materials measured during a particular analytical
session. The bias*(RM-UW6220) value on the left-hand side
of Equation (4) is calculated using Equations (1–3). Note
that in this application, Equation (4) can only be defined for
0 ≤ x ≤ 1, that is it is constrained by the physical limits of
solid solution. The reference material data for session 12
(Table 3) was fitted using OriginPro (v.9.0) software, yielding

Table 2.
Measured extent of d18O homogeneity in RMs of the dolomite-ankerite suite (by SIMS; spot size = 10 lm)

Reference
material

Fe#
[Fe/(Mg+Fe)]

Source locality SIMS session
i.d. and date

No. of
grains

No. of SIMS
analyses

Truea d18O
(‰, VSMOW)

SIMS
2s

SIMS
2SE

UW6250 0.004 Thornwood, Westchester
County, New York, USA

(SD1) 2006. Sept. 14 16 21.40 0.31 0.08

UW6220 0.004 Tuckahoe, Westchest
County, New York, USA

(SD1) 2006. Sept. 15 17 22.60 0.30 0.07

UWAnk10 0.019 St. Johnsville, Montgomery
County, New York, USA

(S12) 2014. Dec. 20 20 19.55 0.32 0.07

UWAnk11b 0.031 Balmer County, Maryland,
USA

(S12) 2014. Dec. 20 30 10.49 0.75 0.14

UWAnk7 0.179 near Sel�asvann,
Aust-Agder, Norway

(S12) 2014.Dec. 21 21 11.38 0.37 0.08

UWAnk8 0.171 Quincy/Salem Neck,
Norfolk/Essex Counties,
Massachusetts, USA

(S12) 2014. Dec. 19 20 9.19 0.29 0.07

UWAnk4 0.179 Quincy/Salem Neck,
Norfolk/Essex Counties,
Massachusetts, USA

(S6) 2014. Apr. 15 20 9.22 0.46 0.10

UWAnk4c 0.179 Quincy/Salem Neck,
Norfolk/Essex Counties,
Massachusetts, USA

(S9) 2014. Aug. 16 18 9.22 0.34 0.08

UWAnk9 0.286 near town of Llallagua,
Potosi Dept., Bolivia

(S12) 2014. Dec. 19 25 11.68 0.40 0.08

UWAnk1 0.522 Pulaski County, Arkansas,
USA

(SD2) 2012. July 22 24 15.87 0.44 0.09

UWAnk2 0.519 Pulaski County, Arkansas,
USA

(SD2) 2012. July 22 23 15.90 0.45 0.09

UWAnk3 0.539 Pulaski County, Arkansas,
USA

(S6) 2014. Apr. 18 20 15.82 0.35 0.08

UWAnk5 cl 0.766 Erzberg Mine, near town
of Eisenerz, Styria, Austria

(S9) 2014. Aug. 20 24 17.11 0.33 0.07

UWAnk6a 0.789 Erzberg Mine, near town
of Eisenerz, Styria, Austria

(S9) 2014. Aug. 22 22 15.99 0.51 0.11

a d18O VSMOW value determined by conventional phosphoric acid digestion and gas-source mass spectrometry (see Appendix A).
b This RM may be used for calibration only if analysed repeatedly a sufficient number of times to drive the standard error (at the 95% confidence level) below
0.15‰ (approx. n = 10).
c Orientation effect test; see text.
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the following best-fit values for the three parameters of the
Hill equation: n = 1.2 ± 0.1, k = 0.10 ± 0.01, bias*max =

11.5 ± 0.4 (uncertainties are standard errors; adjusted
R2 = 0.996; Figure 2a). For most reference materials in the
suite, the averaged measured value of d18O bias*(RM-
UW6220) differs by < 0.3‰ from the value predicted by the
calibration model; this is a measure of the accuracy of the

matrix bias correction in relation to the d18O VSMOW
values determined for the suite of reference materials by
conventional phosphoric acid digestion and gas-source
mass spectrometry (Appendix A).

The measured SIMS d18O bias for the dolomite–ankerite
series was greatest for end-member dolomite and decreased

Fe# = Fe / (Mg+Fe)
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Figure 2. (a) Plot relating SIMS d18O bias (‰) to the cation composition of the dolomite–ankerite solid solution

series [Fe# = Fe/(Mg+Fe)] for a typical calibration using a 10 lm diameter spot size. The sample matrix effect can be

accurately estimated using the Hill equation, which is commonly employed to describe relations of ‘concentration’

versus ‘measured effect ’ type, especially in systems that behave non-linearly and reach saturation. (b) Plot of the

calibration residual. For most reference materials in the suite, the averaged measured value of d18O bias*(RM-

UW6220) differs by < 0.3‰ from the value predicted by the calibration (depicted by solid lines).
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exponentially by ~ 10‰ with increasing Fe# (Figure 2a).
Note the two different vertical axes of Figure 2a; the right-
hand axis represents d18O bias (‰) values that were
corrected for instrument drift but that were not normalised to
the UW6220 drift monitor material (i.e., values that represent
the permil difference between d18Oraw and d18OVSMOW). The
left-hand axis of Figure 2a represents the working calibration
curve, where the d18O bias of each dolomite–ankerite
reference material is normalised to the bias of the end-
member dolomite drift monitor material (i.e., bias*(RM-
UW6220)). Because of the extreme curvature of the bias*
(RM-UW6220) versus Fe# relation, careful corrections are
necessary for analyses of unknown samples with chemical
compositions near that of end-member dolomite. The bias
correction is greatest for the first onemole% Fe (i.e., for the first ~
0.55%m/m Fe, or Fe# = 0.02); failure to correct Fe# = 0.02
results in an error of 1.5‰, which increases to 3.5‰ for
Fe# = 0.05 (Figure 2a, Table 3). The dolomite–ankerite
series is commonly subdivided into non-ferroan dolomite
(Fe# 0.0–0.1), ferroan dolomite (Fe# 0.1–0.2) and ankerite
(Fe# > 0.2) (Chang et al. 1996). Employing this scheme, the
bias*(RM-UW6220) correction (a) changes most rapidly (by ~
6‰) in the narrow compositional range of the ‘non-ferroan’
dolomite field, (b) changes more gradually (by another ~ 2‰
from 6 to 8‰) in the equally narrow compositional range of
‘ferroan dolomite’and finally (c) tapers off, changingby only an
additional ~ 3‰ throughout the more extended composi-
tional range of ankerite.

The molar abundance of Mn in the suite of reference
materials varies from 0 to 2.61% (Mn/(Ca+Mg+Fe+Mn);
Table 1). However, despite the similar physical properties of
the Mn2+ and Fe2+ cations and their largely shared
preference for the same structural site in the crystal lattice
(Reeder and Dollase 1989), this amount of Mn2+ substitution
appears to have had no comparable effect to that of Fe2+ at
similar concentrations (between Fe# 0.0–0.2) on the mea-
sured SIMS d18O bias*(RM-UW6220). The variance of mol
% Mn was uncorrelated to the residual of the matrix bias
calibration (R2 = 0.07, 95% confidence limit). This was
further assessed by treating Fe2+ and Mn2+ as a single
species with regard to the effect on bias [i.e., (Fe+Mn)/
(Fe+Mn+Mg)] and evaluating whether the quality of the Hill
fit would improve (or degrade). No significant improvement
was observed, with the value of the calibration residual
remaining unchanged (compare Figure 2 and Appendix
S7a). Work is currently in progress on the development of an
end-member kutnohorite reference material [CaMn(CO3)2;
also a member of the dolomite group] to comprehensively
assess the effect of Mn2+ substitution on d18O bias in relation
to end-member dolomite. The molar abundance of Ca in the
suite of reference materials also varies slightly [50–52.5 mol

% Ca/(Ca+Mg+Fe+Mn); Table 1], although this variance
was likewise uncorrelated to the residual of the matrix bias
calibration (R2 = 0.28, 95% confidence limit). Thus, no
secondary matrix corrections needed to be implemented
for small variability in Ca or Mn.

Calibration based on 3 lm spot size measure-
ments: An example of a 3 lm spot size calibration
relating bias*(RM-UW6220) to the Fe# of the dolomite-
ankerite series is shown in Figure 3a; the discussion
throughout this subsection concerns data from session
S14 and how it compares with data from session S12
(the 10 lm spot size calibration; Table 3). The measured
d18O bias (not normalised to the UW6220 drift monitor
material) was again greatest for end-member dolomite,
although its magnitude was ~ 10‰ larger when using a
3 lm spot size in comparison with the calibration employ-
ing a 10-lm-diameter spot (Table 3). However, the
difference in the value of bias*(RM-UW6220) between
the extreme ends of the calibration (i.e., between end-
member dolomite UW6220 and ankerite UWAnk6a) was
similar to the 10-lm spot calibration at ~ 10.5‰.
In modelling the curvature of the bias*(RM-UW6220)
versus Fe# trend of the 3-lm calibration, the best-fit values
of the ‘n’ and ‘k’ Hill equation parameters (1.4 ± 0.1,
k = 0.10 ± 0.01) were within fitting error of those for the
trend of the 10 lm calibration (session S12 data; compare
Figure 2a and Appendix S7b). Thus for simplicity, the same
parameter values (from 10-lm session S12) were applied
in constructing the 3-lm working calibration curve (yielding
an adjusted R2 value of 0.994; compare Figures 2a and
3a). However, note that whereas the spot-to-spot repeata-
bility was typically within ± 0.3‰ (2s) for measurements
employing a spot size of 10 lm, the precision decreased to
± 0.7‰ (2s) for spot diameters of 3 lm. For most RMs in
the suite, the averaged measured value of d18O bias*(RM-
UW6220) differed by < 0.4‰ from the value predicted by
the 3-lm calibration model.

Constancy of the Hill fit throughout multiple
sessions

It is common for SIMS analyses that the instrument bias
varies from session to session. This was observed for the suite
of dolomite–ankerite reference materials in this study, where
the magnitude of both bias and bias*(RM-UW6220)
changed by up to several ‰ between different measure-
ment sessions (Table 3); this is reflected by the best-fit value
of the ‘bias*max’ parameter of the Hill equation. Despite this,
we found that the overall distribution of reference material
data points in relation to one another in plots of bias*(RM-
UW6220) versus Fe# was remarkably consistent. For
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example, the values of the Hill equation shape parameters
‘n’ and ‘k’ determined for the full suite of reference materials
during session S12 (with n = 1.2, k = 0.10) can be used as
constants to fit a trend to calibrations from past analytical
sessions (e.g., sessions S11, S9, S7, Appendix S7c–e),
allowing only the ‘bias*max’ parameter to vary in response
to session-specific conditions. In each case, the outcome was
indistinguishable from modelling scenarios where all three
parameters ‘n’, ‘k’ and ‘bias*max’ were allowed to vary in the
optimisation algorithm; for each of the past analysis sessions,
the averaged measured value of d18O bias*(RM-UW6220)

differed by < 0.3‰ from the value predicted by the session
S12 10-lm calibration model (Appendix S7c–e). In effect,
the ‘bias*max’ parameter behaves as an analytical session-
specific scaling factor. We found that various equations, for
example exponential functions (which appear as a reason-
able first choice for fitting the reference material data), did
not provide the same degree of flexibility as the Hill equation
in this regard; that is, more than a single parameter needed
to be varied to achieve a reasonable fit to reference material
data from past analytical sessions. More importantly, how-
ever, various exponential fits yielded asymmetric residuals

Fe# = Fe / (Mg+Fe)
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be accurately estimated using the same model parameters as in the 10 lm spot size calibration (see Figure 2). (b)

Plot of the calibration residual. For most reference materials in the suite, the averaged measured value of d18O

bias*(RM-UW6220) differed by < 0.4‰ from the value predicted by the calibration (depicted by solid lines).
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that were up to twice as large for some (but not all) reference
materials compared with the Hill function model. It is
important to point out, however, that this best-fit Hill function
(with n = 1.2 and k = 0.10) is an empirical observation for
data from the IMS 1280 instrument and tuning protocols at
the WiscSIMS laboratory. Other laboratories will need to
calibrate their own parameters by analysis of multiple
carbonate reference materials.

Assessment of crystallographic orientation effects
on measured d18O bias*(RM-UW6220)

It has been shown for magnetite and a few other oxide
minerals that the instrument bias for SIMS d18O measure-
ments varies systematically according to the angular relation
of the primary and secondary beams to the crystal structure of
the sample (Huberty et al. 2010, Kita et al. 2011). Mea-
sureable orientation effects have not been seen for calcite or
any silicate mineral, but dolomite–ankerites have not been
previously investigated in detail. In the preparation of grain
mounts, rhombs of dolomite–ankerite have a strong tendency
to be preferentially oriented with the {101} cleavage plane
parallel to the sample casting plate (hence to the eventual
analytical surface). The randomness of the rotational posi-
tioning of the cleavage face parallel to the sample surface
does diversify the number of unique crystallographic orien-
tations that will be exposed during SIMS measurements, but
does not allow for an assessment as to whether the SIMS
d18O bias could differ significantly in the case where the
rhomb body-diagonal long axis is orthogonal to the
analytical surface. To test this, we prepared an alternative
mount containing grains of reference material UWAnk4
(n = 15); the long rhomb body-diagonal axis of each grain
was pressed into a narrow trough cut into several layers of
carbon tape to maintain an approximately orthogonal
orientation to the sample casting plate during preparation.
The values of bias*(UWAnk4-UW6220) were determined for
both mounts during the same analytical session (session S9,
Table 3) and were well within the ± 0.3‰ 2s uncertainty of
the reference material UWC-3 used to monitor instrument
drift (6.75‰ versus 6.58‰; Table 3). Thus, there was no
measureable difference in bias for the different crystallo-
graphic orientations of ankerite in these mounts.

Implications for carbonate studies and concluding
remarks

We have demonstrated the highly non-linear nature of
SIMS instrumental bias on d18O measured from carbonate
minerals with compositions along the dolomite–ankerite
solid solution. With the routine configuration and tuning
conditions of the IMS 1280 for carbonate mineral analysis at

WiscSIMS, the d18O bias decreased exponentially by ~

10‰ with increasing Fe content [i.e., the Fe# = Fe/(Mg+Fe)]
in dolomite–ankerite. Bias was accurately modelled using
the Hill equation, which reproduced reference material data
from routine 10 lm spot size analytical sessions to within
0.3‰ in relation to the certified reference material NBS 19
(Verkouteren and Klinedinst 2004). The uncertainty associ-
ated with differences in Fe# was of similar magnitude to the
typical spot-to-spot repeatability (precision) assigned to
individual sample-spot analyses (± 0.3‰ at 2s) based on
replicate analyses (n = 8) of the drift monitor material that
‘bracketed’ each set of ten sample measurements. Adding
these terms in quadrature indicates that the accuracy of
these analyses was ~ ± 0.5‰ (2s) relative to NBS 19 if there
are no additional sources of error.

Given the importance of the determination of d18O (and
d13C) in carbonates in the geosciences, especially in the
fields of reconstructing past climatic conditions throughout
the evolution of the Earth system and of the early Martian
environment, we call attention to the need for further basic
research in empirically constraining SIMS matrix effects for
common carbonate compositions. While the d18O bias is
approximately linear from calcite to dolomite to magnesite
(Valley and Kita 2009, Rollion-Bard and Marin-Carbonne
2011), a partial data set indicates that the bias between
magnesite and siderite is highly non-linear (Valley and Kita
2009). For the analysis of sample materials with composi-
tions that are not constrained to the binary joins of the Ca–
Mg–Fe carbonate ternary plot and in which substantial Mn
substitution is observed (such as carbonates in the Martian
meteorite ALH 84001), a more comprehensive, multivariate
approach is needed to accurately contour the bias
landscape as it changes in relation to cation chemistry.
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Appendix A

Results of conventional phosphoric acid digestion and gas-source mass spectrometric analyses on the suite
of UW dolomite–ankerite reference materials

WiscSIMS
RM i.d.

Analysis i.d. d18O (‰)
Rawa

Acid-frac.
factor (a)b

Temp. (°C)c d18O (‰)
(VSMOW)

UW6250 C4-246-10 30.82 1.00917 100 21.46
C4-246-11 30.75 1.00917 100 21.39
C4-246-14 30.71 1.00917 100 21.35

Avg. & (2s) 21.40 ± (0.11)
UW6220 C4-245-4 31.95 1.00916 100 22.59

C4-245-5 31.96 1.00916 100 22.60
C4-245-6 31.96 1.00916 100 22.60
C4-246-9 31.98 1.00916 100 22.61
C4-246-13 31.96 1.00916 100 22.59

Avg. & (2s) 22.60 ± (0.02)
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Appendix A (continued).
Results of conventional phosphoric acid digestion and gas-source mass spectrometric analyses on the suite
of UW dolomite–ankerite reference materials

WiscSIMS
RM i.d.

Analysis i.d. d18O (‰)
Rawa

Acid-frac.
factor (a)b

Temp. (°C)c d18O (‰)
(VSMOW)

UWAnk10 C4-245-21 28.91 1.00914 100 19.59
C4-245-22 28.85 1.00914 100 19.53
C4-245-23 28.86 1.00914 100 19.54

Avg. & (2s) 19.55 ± (0.06)
UWAnk11 C4-245-17 19.72 1.00915 100 10.48

C4-245-18 19.72 1.00915 100 10.48
C4-245-20 19.75 1.00915 100 10.51

Avg. & (2s) 10.49 ± (0.03)
UWAnk7 C4-245-2 20.55 1.00911 100 11.34

C4-245-1 20.66 1.00911 100 11.45
C4-245-19 20.57 1.00911 100 11.36

Avg. & (2s) 11.38 ± (0.12)
UWAnk8 C4-245-14 18.41 1.00910 100 9.22

C4-246-1 18.38 1.00910 100 9.19
C4-246-2 18.35 1.00910 100 9.16

Avg. & (2s) 9.19 ± (0.06)
UWAnk4 C4-327-2 18.39 1.00911 100 9.20

C4-237-3 18.42 1.00911 100 9.23
C4-327-4 18.42 1.00911 100 9.23

Avg. & (2s) 9.22 ± (0.03)
UWAnk9 C4-245-9 20.86 1.00908 100 11.68

C4-245-10 20.87 1.00908 100 11.69
C4-245-11 20.86 1.00908 100 11.68

Avg. & (2s) 11.68 ± (0.01)
UWAnk1 C4-234-2 25.03 1.00902 100 15.87

C4-234-9 25.01 1.00902 100 15.85
C4-234-10 25.04 1.00902 100 15.88

Avg. & (2s) 15.87 ± (0.03)
UWAnk2 C4-234-6 25.06 1.00902 100 15.90

C4-234-7 25.05 1.00902 100 15.89
C4-234-11 25.06 1.00902 100 15.90

Avg. & (2s) 15.90 ± (0.01)
UWAnk3 C4-327-6 24.98 1.00901 100 15.82

C4-237-7 25.01 1.00901 100 15.85
C4-327-8 24.95 1.00901 100 15.79

Avg. & (2s) 15.82 ± (0.06)
Calculated with

renormalised Ca-Mg-Fe;
Mn excluded

UWAnk5cl C4-240-9 26.21 1.00896 100 17.10
C4-240-10 26.24 1.00896 100 17.13
C4-240-11 26.22 1.00896 100 17.11

Avg. & (2s) 17.11 ± (0.03)
Calculated as
(Ca+Mn)-Mg-Fe

UWAnk5cl C4-240-9 26.21 1.00896 100 17.10
C4-240-10 26.24 1.00896 100 17.13
C4-240-11 26.22 1.00896 100 17.11

Avg. & (2s) 17.11 ± (0.03)
UWAnk6a C4-240-5 25.09 1.00895 100

C4-240-7 25.14 1.00895 100 16.04
C4-246-3 25.01 1.00895 100 15.92

Avg. & (2s) 15.99 ± (0.13)

The bold values denote calculated averages and 2 standard deviations.
a Value measured by gas-source mass spectrometry; raw value prior to correction for phosphoric acid fractionation during carbonate digestion.
b Phosphoric acid fractionation factor (at 100 °C) calculated using equation 4 of Rosenbaum and Sheppard (1986) and the cation composition (Ca-Mg-Fe
normalised) of each reference material (see Table 1).
c Carbonate phosphoric acid digestion temperature (> 4 hr).
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