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ABSTRACT

Secondary ionization mass spectrometry (SIMS) is a powerful tool for precise, correlative actinide
decay chain dating, trace element analysis, and stable isotope analysis of accessory minerals, offering
unrivaled nanogram-scale sampling. Matrix-matched reference materials are a prerequisite for accurate
quantification of isotopic compositions by SIMS. For rock-forming and accessory minerals showing
partial or complete solid solution, elaborate correction schemes are required for SIMS isotope analysis.
Natural zircon (ZrSiOy), often with a nearly stoichiometric end-member composition, has traditionally
required less attention to matrix matching between reference materials and unknowns. However, with
increasing analytical precision afforded by multi-collection SIMS instrumentation, it is important to
experimentally verify this assumption and define its limitations. Here, we focus on Hf in zircon
(Zrn), which is isomorphous with hafhon (Hfn), and the fourth most abundant element in natural zircon.
Two end-members in the Zrn-Hfn solid solution and three intermediate compositions were synthesized
in a MoO3-Li;MoOy4 flux. Oxygen isotopic compositions of synthetic Zrn-Hfn crystals were deter-
mined at the milligram scale by laser fluorination isotope ratio mass spectrometry, and at lateral
and depth resolutions of ~15 and ~1 pm, respectively, by SIMS. Despite a detected ~1-3%o isotopic
heterogeneity in flux-grown Zrn-Hfn, a strong correlation between instrumental mass fractionation and
the zirconium number Zr# % (atomic Zr/[Zr+Hf] x 100) was observed (Pearson correlation coefficient
r=0.9958), with ~8.8%o variation in 5'80 across the compositional range. For most natural zircon,
including common reference materials, the interpolated matrix effect is smaller than typical analytical
uncertainties for individual SIMS spots (~0.1%o). Only 5'%0 analysis of Hf-rich pegmatite zircon by
SIMS requires significant (up to ~3%o) matrix corrections. In such cases, the matrix effect on instru-
mental mass fractionation can be linearly interpolated between a common low-Hf zircon reference and
the synthetic Hfn end-member to within ~0.1-0.2%o uncertainty.
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INTRODUCTION

A ubiquitous accessory mineral in igneous, metamorphic,
and sedimentary rocks, zircon is universally important in geo-
logical and planetary sciences as a carrier of geochronological
and geochemical information. All stoichiometric components
in zircon (Zr, Si, and O) have multiple stable isotopes which
are routinely analyzed, often with spatially selective microana-
lytical instrumentation including secondary ionization mass
spectrometry (SIMS) and, for Zr and Si, laser ablation with
inductively coupled plasma mass spectrometry (LA-ICP-MS)
to constrain conditions of its formation and preservation
(e.g., Liebmann et al. 2023; Trail et al. 2018; Tompkins et al.
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2020). The next most abundant element in zircon is Hf, which
is a geochemical twin of Zr and in chondrite 34.2 times less
abundant by mass than Zr in chondrites (Weyer et al. 2002).
Because of its geochemical similarity with Zr as controlled by
ionic size and charge (Bau 1996), Hf exceptionally rarely forms
its own minerals, but instead commonly substitutes for Zr. For
the same reason, its late discovery in 1923 in zircon concentrates
happened long after Mendeleev had predicted its existence in
1869, based on the order of the periodic table. Natural zircon
thus forms a solid solution series between the end-members zir-
con (Zrn) and hafnon (Hfn), although neither is recognized in
nature as a pure phase.

Zircon oxygen isotopic compositions are commonly
expressed as 8'%0 relative to Vienna Standard Mean Ocean
Water (V-SMOW; '30/10=0.0020052) (Baertschi 1976).
On this scale, zircon crystallized from mantle-derived melts falls
into a narrow range at 5.3 +0.3%o (Valley 2003). Substantially
higher or lower &'%0 values in zircon commonly indicate
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oxygen isotopic exchange of water with minerals in the proto-
liths of zircon-crystallizing melts, either at low temperature
(leading to elevated 5'%0 in pelites) (e.g., Lackey et al. 2005)
or high temperature (producing low-8'30 signatures in
hydrothermally altered rocks and their igneous or metamorphic
products) (e.g., Yui et al. 1997; Wotzlaw et al. 2012), respec-
tively. Moreover, oxygen isotopes in zircon can reveal isotopic
exchange with fluids in metamict zircon, although non-metamict
zircon shows remarkable stability in high-temperature fluids
(e.g., Booth et al. 2005; Liebmann et al. 2021). For §'80 deter-
mined by SIMS, data are often combined with Hf isotopic anal-
ysis by LA-ICP-MS. In the Hf-isotopic system, radioactive
decay of '®Lu to '"°Hf over time has produced isotopic signa-
tures in crustal and mantle reservoirs with distinct compositions
relative to bulk Earth (expressed as eHf relative to the chondritic
uniform reservoir). In combination, the isotope systems form a
powerful means of tracking planetary-scale differentiation
and lithosphere-scale rock cycles throughout geological time
(e.g., Hawkesworth and Kemp 2006).

SIMS is widely used to determine oxygen isotopic composi-
tions in minerals due to the high spatial resolution (at typically
~10-15 pm lateral and sub-pm depth dimensions) and rapidness
(ca. 3 min per analysis spot) it affords. For zircon, 5'30 can also
be directly correlated with U-Th-Pb ages, trace element abun-
dances, and other radiogenic or stable isotope systems. Critical
for accurate SIMS analysis is the availability of reference miner-
als that compositionally match unknowns. These must be ana-
lyzed under analytical conditions that are maintained as close
as possible to those for the unknowns to yield an instrumental
mass fractionation factor (IMF) a:

(18/16)s1m1s
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In this equation, the numerator expresses the intensity ratios
for 30~ and 'O~ SIMS signals (corrected for detector baseline
and yield) and the denominator the ‘“known” composition,
typically based on precise laser fluorination isotope ratio mass
spectrometry (LF-IRMS) analyses of well-characterized and
homogeneous zircon reference materials [Table 1 after Lieb-
mann et al. (2023)]. The “true” value of the matrix-matched
unknown is then determined as:

(18/16)
(18/ 1 6) Unknown:%

@)

Compositional variability is known to affect the IMF, and
therefore, an extensive body of literature has aimed to determine
correction procedures for SIMS oxygen isotopic analysis of nat-
ural minerals exhibiting solid solution. This includes rock-form-
ing and accessory mineral groups such as carbonates (e.g., Fayek
et al. 2001; Sliwirski et al. 2016), garnet (e.g., Page et al. 2010;
Ickert and Stern 2013), plagioclase (e.g., Coogan et al. 2007),
olivine (e.g., Isa et al. 2017), and tourmaline (e.g., Whattam et al.
2022). For the Zm-Hfn solid solution, however, IMF for 180/160
has only been quantified for high-energy secondary ion detection
in a small-geometry SIMS instrument, at low precision compared
to modern methods, and over a limited compositional range
(Eiler et al. 1997). Because modern SIMS stable isotopic analysis
applies multi-collection detection without energy offsets in large-
geometry instruments with increasing analytical precision, it is
timely to re-address the potential impact of Zr-Hfn substitution
for SIMS '#0/'°0 analysis. For this, we synthesized crystals with
five compositions between the Zm-Hfn end-members, character-
ized them for major and trace elements as well as oxygen isotopic
compositions, and compared their IMF values to a commonly
used natural zircon reference material with low Hf abundance
(91500) (Wiedenbeck et al. 2004).

TasLe 1. Compiled oxygen isotopic compositions and Hf concentrations of standard zircon reference materials

ID 5'%0 Reference Hf Reference

%o 19/g
915007 9.86(22) Wiedenbeck et al. (2004) 5895(325) Wiedenbeck et al. (1995)
AS3? 5.34(6) Trail et al. (2007); Avila et al. (2020) ‘I0176(933)d Black et al. (2004)
BR231? 9.81(8) Valley (2003) 13021(212) Kennedy, personal communication
cz3? 15.43(42) Cavosie et al. (2011) 12980(500) Coble et al. (2018)
GJ1° 6.14(36) Xia et al. (2019) 6681(114) Piazolo et al. (2017)
Jilin? 6.05(25) Luo et al. (2021) 9135(1020) ibid.
KIM-52 5.09(12) Valley (2003) 9851(1696) Page et al. (2007)
Kvo1P 6.17(33) Wei et al. (2020) 9447-13005 ibid.
LKz-12 10.72(4) Cheong et al. (2019) 7740(620) ibid.
M2572 13.93(0.22) Nasdala et al. (2008) 10610(465) ibid.
Mud Tank® 5.03(20) Valley (2003) 9080-11900 Gain et al. (2019)
OGC (0G1) 5.86(8) Petersson et al. (2019); Liebmann et al. (2023); Kooymans et al. (2024) 8488(1261) Kooymans et al. (2024)
Plesovice 8.11(26) Avila et al. (2020); Liebmann et al. (2023) 9477-14431 Sldma et al. (2008)
QGNG 7.40(10) Kooymans et al. (2024) 10055(2193) ibid.
Qinghu? 5.40(20) Li et al. (2013) 11750(1621) ibid.
R33? 5.55(8) Valley (2003); Black et al. (2004); Avila et al. (2020) 9497(170)¢ Black et al. (2004
SA01? 6.16(26) Huang et al. (2020) 9797(1126) ibid.
SA02? 6.03(28) Huang et al. (2021) 9060(922) ibid.
sL13P 11.3(2) Avila et al. (2020) 8910(160) Coble et al. (2018)
Tanz? 6.52(28) Hu et al. (2021) 11546(1084) ibid.
Temora-2° 8.20(2) Valley (2003); Black et al. (2004) 8310(85)¢ Black et al. (2004)
z5? 13.69(11) Ling et al. (2022) 8544(342) ibid.

2 580 values after Liebmann et al. (2023) and compiled from references provided.

b 5'80 values as averages and 2 standard deviations from references provided.

¢ Concentrations as averages or ranges based on EMPA, LA-ICP-MS, or SIMS data from reference provided; uncertainties 2 standard deviations unless indicated

differently.
92 standard error of the mean.
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BAckGROUND: THE ZIRcoN-HAFNON SOLID SOLUTION

With identical charge (4+4) and very similar ionic radii,
Zr (0.84 A) and Hf (0.83 A) can easily replace each other in
eightfold coordination with oxygen within the zircon structure,
creating a continuous solid-solution series (Finch and Hanchar
2003). Unlike other solid solutions (e.g., olivine with Mg?* and
Fe?* end-members forsterite Fo and fayalite Fa), it is uncommon
to express the Hf occupancy in the mineral formula because ofits
relatively low abundance in natural zircon. More frequently, Hf-
in-zircon abundance is stated as a weight fraction (e.g., wt% or
pg/g Hf or HfO,), or as a Zr/Hf mass ratio (e.g., Lowery Clai-
borne et al. 2006). Because often only Hf abundances are deter-
mined and Zr is approximated as being stoichiometrically fixed,
a constant concentration of Zr of ~500 000 pg/g is assumed
when calculating Zr/Hf (Lowery Claiborne et al. 2006). This
approximation is reasonable for zircon with low Hf abundances,
but erroneous if more Hf replaces Zr. We therefore recast weight
fractions of Hf under the assumption that Zr and Hf are the only
cations in the site coordinated with eight oxygen anions:

Zr (I =x) XMy,
W (maSS) W (3)
with

B Whr %X Mzssio,
Myr — wir X (Mpgsio, — Mzsio, )

x “4)
and wyr expressing the weight fraction of Hf, and M the corre-
sponding atomic or molecular weights (in g/mol: Mz, =91.22;
Mpys= 17849, MZrSiO4 = 18331, MHfSiO4 =270.57 ) Zr/Hf
(mass) and Zr/Hf (mol) are readily converted, with the corre-
sponding mole fraction Xyr (mol) as:

ZT; (mol) = [i—; (mass) x 1.96=y 5)
1

under the requirement that Xyr and Xz, sum up to unity per for-
mula unit (Zr,Hf)SiO4. Analogous to the magnesium-number
(Mg#), we then define a zirconium-number in % as:

XZr (mol)

Zr#% =
S Xz.(mol) + X yyp(mol)

x 100 )

Whereas Zr and Hf geochemically behave similarly, the slightly
higher partitioning of Zr into the zircon structure relative to fleads
to progressive enrichment of Hf in the residual melt from which
zircon crystallized. The extremely sluggish diffusion of tetravalent
cations in zircon prevents re-equilibration with the melt (Cherniak
et al. 1997). Hence, even a parental melt with Zr/Hf at near chon-
dritic values will initially crystallize zircon with super-chondritic
Zr/Hf, causing a decrease in Zr/Hf in the residual melt. The next
generation of zircon crystallizing upon cooling will inherit this
lower Zt/Hf, again through the filter of the preferential partitioning
of Zr into zircon compared to Hf. This fractionation leads to pro-
gressively lower Zr/Hf in zircon as a zircon-saturated melt cools
and differentiates (Lowery Claiborne et al. 2006; Aranovich and
Bortnikov 2018). Crystallization of other minerals outside of the
zircon-melt boundary layer may locally enrich Hf. In extreme
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cases, Zr/Hf (mass) as low as ~1 is reached in pegmatitic zircon
(Cerny et al. 1985). In addition, variability of Hf incorporation
by a factor of 2 to 3 can be kinetically controlled and mimic that
of Zr isotope fractionation in zircon (e.g., Bindeman and Melnik
2022). Commonly used zircon reference materials, which are
exclusively of magmatic origin, and their corresponding Hf
abundances are compiled in Table 1.

SYNTHESIS AND ANALYTICAL METHODS

Flux growth of zircon-hafnon

End-member zircon (Zrn) and hafhon (Hfn) as well as Zrn-Hfn solid solutions
with nominal compositions of Zr# % = 95, 90, and 50 were synthesized by a flux-
type method similar to that employed by Hanchar et al. (2001, 2002). Although low-
temperature hydrothermal synthesis methods have been explored in the literature
(Neumann et al. 2024), these reaction products are powdery, which is not ideal
for SIMS analysis. A mix of 90 MoOj3 + 10 Li;MoO4 (wt%) was used as a flux.
Reagent-grade ZrO,, HfO,, and amorphous silica were carefully mixed in the
required stoichiometric proportions in an agate mortar with alcohol and dried at
120 °C for ca. 24 h, then mixed with the flux in proportions of 95:5 by weight
for flux and reagent, respectively. About 15 g of the starting materials was loaded
in 20-25 mL Pt crucibles and placed into a high temperature furnace at air. The tem-
perature regime for synthesis was as follows: (1) increase from room temperature to
1270 °C over 250 min; (2) a dwell interval at 1270 °C for 5 h; (3) slow cooling
to 982 °C over 48 h; and (4) switching off power to the furnace followed by
uncontrolled cooling down to room temperature. The crystals were then extracted
from the residual flux in the crucibles by washing in concentrated NH4OH
(25 wt%) and then rinsing them in distilled H>O. Although flux inclusions were
present in some synthetic crystals, they can be easily spotted under the microscope
and were avoided.

Scanning electron and raman microscopy

Selected inclusion-free crystals were embedded in epoxy along with reference
zircon 91500 and surrounded by fragments of NIST SRM 610 glass. After curing,
the mount was sectioned using SiC and diamond abrasives to expose crystal inter-
iors. After ultrasonic cleaning, a conductive C coating was applied, and the crystals
were mapped on a Tescan Mira3 scanning electron microscope at John de Laeter
Centre, Curtin University, equipped with backscattered electron (BSE) and cath-
odoluminescence (CL) detectors (Figs. 1a—1j). Semiquantitative chemical analyses
were performed with an Oxford energy-dispersive X-ray spectrometer (EDS).
After removal of the C coating, Raman spectra were acquired for selected locations
on a WITec alpha300R Raman microscope using a 780 nm laser at 30 mW
true-power readout, 100x objective, and 1800 grooves x mm~' spectrometer
grating (Fig. 1k). The spectrometer calibration was verified by detecting the
1001.4 cm™! polystyrene peak (Hirtel et al. 2021) at 1001.7 cm™.

Laser fluorination isotope ratio mass spectrometry
(LF-IRMS)

Laser fluorination analyses in the Stable Isotope Laboratory at the University of
Oregon targeted single and composite samples of synthesized Zm-Hfn weighing
between 1 and 2 mg. They were performed using BrFs reagent and a 10.6 pm wave-
length 35 W CO; laser. Crystals reacted fully, and the measured yields were moni-
tored to be close to the theoretical yield based on molecular mass. The produced O;
was purified with a series of liquid nitrogen traps and a mercury diffusion pump (to
get rid of F, traces), and the gas was then converted into CO; via a carbon-Pt rod.
One sample was also analyzed as O, for A’'70. CO, and O, gases were expanded
into the bellows on the MAT253 mass spectrometer and measured against gas cali-
brated on the V-SMOW scale. Silicate references run with the unknowns were in-
house UOG garnet (6.52%o0) and San Carlos Olivine (5.25%o, A’'70=-0.051%o).
During multiple sessions, the 8'30 and A”!70 uncertainties on these references were
+0.07%o and £0.01%o, respectively (Online Materials' Table S1).

Secondary ionization mass spectrometry (SIMS)

Oxygen isotopes. After re-coating the mount with 80 nm Au, 30~ and '°0~
were detected simultaneously in the H2 (10'2 Q) and L'2 (10'° Q) Faraday cups (FC)
on a CAMECA IMS 1300-HR? at Curtin University in two analytical sessions.

American Mineralogist, vol. 110, 2025
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Ficure 1. Backscattered electron
(BSE) and cathodoluminescence (CL)
overview maps of synthetic Zm-Hfn
crystals (a—j) and corresponding
Raman spectra (k).
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A ~2 nA critically focused Cs™ beam was rastered over a 10 x 10 um area with the
mass spectrometer tuned to a transfer magnification of 60 x and a mass resolving
power M/AM of ~2000. A total of 15 cycles with 4 s integration time each was aver-
aged, and FC baseline intensities monitored during a 30 s pre-sputtering were sub-
tracted from the counts using a running average of seven bracketing analyses.
Faraday cup yields used for correction were determined in a gain calibration with
reference voltages of 4.5 and 9 V at the beginning of the session. Blocks of four
bracketing NIST SRM 610 analyses in every direction on the mount demonstrated
the absence of geometry-related bias. Unknown analyses were interspersed with
blocks of analyses of reference zircon 91500 (9.86%0) (Wiedenbeck et al. 2004).
Selected crater volumes to determine volumetric sputter rates and useful yields
(Table 2) were measured after removing the Au coat on a KLA Zeta-20 Optical Pro-
filer at the John de Laeter Centre.

Trace elements. Selected trace elements, including P, Ti, Y, lanthanide rare
earth elements (REE), Th, and U, were analyzed using an electron multiplier
(EM) along with major and minor components 30si (EM), *Zr, and 7®Hf (both
FC2 with a 10'2 Q feedback resistor) by peak-hopping mode using axial detectors.
An ~10nA '°0 beam was rastered overa 10 x 10 pm area, and secondary ions were
transmitted using 80x magnification and a —100 eV energy offset at low (M/AM
~1000) mass resolution; only Y was analyzed at M/AM = 3000 due to the significant
contribution of '®Hf** in Hf-doped crystals. After correction for FC baseline and
EM deadtime (49 ns), trace element ratios were normalized to *°Si and quantified
using relative sensitivity factors (RSF) determined on NIST SRM 610 glass (Pearce

Ar2 (98.7)
Ar5 (92.6) 5

T

>

Ar4 (85.8) &

<

A3 (412) | &

Ar1(0) | ©

o

2

1000 1020 1040

et al. 1997) and verified against reference zircon 91500 (Wiedenbeck et al. 1995,
2004). Zt/Hf RSF values were directly calibrated on the 91500 reference zircon
due to abundances in NIST SRM 610 being too low to be detected by the FC.

RESuLTS

Textural, compositional, and oxygen isotopic properties of
synthetic Zrn-Hfn

Flux synthesis with different mixtures of ZrO, and HfO, in the
starting materials produced millimeter-sized euhedral crystals
with short prismatic faces and well-developed bipyramids. Inter-
iors exhibit coarse zonation that is weakly detectable in BSE, but
sometimes with high contrast in CL maps (Figs. 1a—1j). Raman
spectroscopy shows that the position of the v3 (SiO4) band in syn-
thetic crystals systematically increases from 1008 cm™! (pure Zrn)
to 1020 cm™! (pure Hfn) (Fig. 1k), equivalent to the results in
Griineberger et al. (2016). The only detected elements in EDS
analysis are Zr, Hf, Si, and O (neglecting C from the surface
coating), indicating the absence of impurities at levels >1 wt%

TasLe 2. Summary of compositional and oxygen isotopic properties (relative to V-SMOW) of synthetic Zrn-Hfn crystals

Run ID Zr# % EDS? Zr# % SIMSP 5'%0 %o LF-IRMS® 5'%0 %o SIMS IMF® Sputter rate um>/nA/s Y %f
91500 99.43 99.39(2) 9.86(11)9 9.86(14) 0 0.50 27
Arl 0 1.04(3) 2.91(29) -5.62(23) -8.54(37) 0.60 2.1
Ar2 98.66(8) 98.9(1) 3.39(1) 2.66(20) -0.73(20) 0.58 23
Ar3 412(22) 43.8(6) 2.65(20) -2.78(68) -5.42(71) 0.56 24
Ard 85.8(1.3) 87.0(1.0) 247(31) 0.58(38) -1.89(49) 0.59 23
Ar5 92.6(1.0) 93.2(8) 2.97(76) 2.47(1.06) -0.50(1.30) 0.57 25

@ Uncertainties are 1 standard deviation for n replicates (n: 91500 = 1; Ar1 =3; Ar2=4; Ar3=4; Ar4=7; Ar5=4); Hf in Ar1 below detection.

b Uncertainties are 1 standard deviation for n replicates (n: Ar1 =4; Ar2=4; Ar3 =
€ Uncertainties are 1 standard deviation for n replicates (n: Ar1=3; Ar2=2; Ar3=

4; Ard=4; Ar5=76).
3; Ard=4; Ar5=2).

d Relative to 91500 zircon with 1000 x In o= +1.55; uncertainties as 1 standard deviation for n=44 (91500) and n = 12 replicates each for Ar1-Ar5.

€ IMF as 1000 x In o with o for 91500 reference zircon set at 0.

fy = useful yield for O™. Density of intermediate Zrn-Hfn was linearly interpolated from end-member densities 4.67 and 6.97 g/cm?.

9 Literature value (Wiedenbeck et al. 2004).
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(c)

+5 Ficure 2.BSE and CL maps
along with oxygen isotopic and trace
element maps of crystal Ar5-3 (Zr#
%=93; a—f) and Arl-1 (Zr# %=0,
hafnon; g—i). Contouring in 10 inter-
vals was performed in OriginPro
2015 software with the following set-
tings: total point increase factor of
+1 100, smoothing parameter of 0.25,
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——— Z# %=93———————
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1.5-4.3%0
50 um ¢ g’
Hf (f)

and extrapolation to layer boundaries.
For §'%0, the color scale always
extends over 4%o for comparability
(¢, i), and it ranges between minimum
and maximum values for trace ele-
ments (d, e, f).

Y max

=0

Zr# %

(Table 2). This was further confirmed by SIMS trace element
analyses, where the only trace elements detected at abundances
>1 pg/g were P (19-186 pg/g), Y (0.6-19 pg/g), and Lu
(0.2-12 pg/g; Online Materials' Table S2). Reconnaissance SIMS
mass scans for **Mo further confirmed that synthetic Zm-Hfn is
free from Mo derived from the flux. EDS and SIMS yielded
consistent Hf concentrations with relative deviations being on
average <18% (Table 2). Values for Zr# are generally close to
the targeted end-member compositions, indicating only very
minor contributions of Zr in the HfO, starting products and vice
versa (Table 2).

Trace element mapping of a crystal from run Ar5 (Zt# % = 93;
Table 2) shows subtle heterogeneities that correlate with BSE and
CL zonation (Fig. 2): a small CL dark domain in the upper left
corner of the crystal has high P, whereas the rest except the CL
dark domain toward the right and lower right edges of the crystal
are comparatively depleted in P (overall range 20-92 pg/g).
Although the P-rich domain also has high Hf abundances, the
CL-dark domain toward the right and lower right of the crystal
(Fig. 2) is depleted in Hf. Yttrium, although present at low
abundance between 0.6 and 3.1 pg/g, is anticorrelated with Hf
(Pearson correlation coefficient r=-0.60; Fig. 2), but lacks
systematic variations with P (r=-0.34).

Synthetic Zm-Hfn crystals overall range in bulk 5'30 between
2.11%o and 3.50%o as determined by LF-IRMS (Online Materials!
Table S1). Their average 8'20 values (Table 2) are uncorrelated
with Zr# (r= 0.25). Replicate analyses show significant heteroge-
neity as illustrated by crystals from run Ar4, which were analyzed
in quadruplicate and range in 5'%0=between 2.11 and 2.85
(Online Materials! Table S1). The LF-IRMS analysis of one zircon

crystal from run Ar4 yielded A’'70=-0.101%o, ~0.05-0.06%o
lower than the terrestrial fractionation line for 8'80 at 2.5%o
(Online Materials' Table S1).

SIMS spot analyses of individual crystal domains confirm
5'%0 heterogeneity within crystals of the same synthesis run
(Table 2): whereas the repeatability of the natural reference zircon
91500 is 0.14 (1 standard deviation; n=20), higher standard
deviations in 8'30 between 0.20 and 1.06 are observed for syn-
thetic zircon crystals (Table 2). The highest standard deviations
(0.38-1.06; Table 2) were determined for runs Ar3 to Ar5 with
intermediate Zr#. A crystal from run Ar5 (Zr# % = 93) was also
mapped in detail for 8'80 variability (Fig. 2c). The overall range
in 6'%0 (corrected for IMF determined on 91500) is between 1.5
and 4.3%o, with 8'%0 and Zr# being highly correlated in this
crystal (r=0.95). By contrast, a crystal from run A1 (Zr# % = 0)
displays only minor heterogeneity in 5'%0 (Fig. 2i).

SIMS oxygen isotopic instrumental mass fractionation in
synthetic Zrn-Hfn

Despite the ~1-2%o heterogeneity in bulk 8'80 between crys-
tals from the same run due to synthesis effects (see Discussion),
SIMS analyses of 8'®0 and trace elements are co-spatial and thus
permit assessing matrix effects at the ~15 pm lateral resolution of
individual spots. The 5'%0 sIMsS averages for synthetic Zm-Hfn
(IMF-corrected using 91500: —5.6%o to +2.7%o0) cover a much
larger range than the variability of LF-IRMS values (differences
between minimum and maximum raw 8'80 values across all syn-
thetic Zm-Hfn crystals are 8.3%o vs. 1.4%o; Table 2). This strongly
indicates a compositionally controlled SIMS instrumental isoto-
pic fractionation, which is confirmed by a strong linear correlation

American Mineralogist, vol. 110, 2025



1882

Zr/Hf (mass) 100 5 105 o1 0
1 1 1 1 1 1
1 10 20 30 40 50 60 Hf wt.%
2 1 1 1 1 1 1 1
Slope: -0.088(7)
S o0- ‘ Pearsonr: 0.9958 -
o,
Il °
2 |
B -2- .
3
3
£ 44 ,
X
o
S
[SIEE N
L
=
-8 u
® Zrn-Hfn synthetic o
0O 91500 natural
1sd error bars
-10 T T T T T T
100 80 60 40 20 0
Zr# %

Ficure 3. 180/'°0 instrumental mass fractionation (IMF) against
Zr# of synthetic Zrn-Hfn and natural zircon reference 91500; top x-axes
show the Hf (wt%) and Zi/Hf (wt) scales for comparison. IMF is
expressed as 1000 x a relative to 91500 at zero; normalization was
achieved by anchoring the linear regression on the IMF and composi-
tional data for 91500, accounting for uncertainties in X and Y parameters
(X errors are within symbol size).

(r=10.9958) between the IMF values for all synthetic materials
against Zr# (Fig. 3). To indicate the isotopic deviation in permil,
which would result from a correction of high-Hf zircon when
using a low-Hf reference material, the IMF value for 91500
was set to zero (whereas, in fact, the observed IMF value for
91500 varied around 1000 X In a=+1.55 during the analytical
sessions). Linear regression of the data accounting for uncertain-
ties in Zr# and the 91500-normalized IMF as 1000 % In o (91500)
and forced through 91500 yields the following equation:

IMF 1000 x In o (91500) = 0.088(7) x Zr#(%) —8.7  (8)

with the slope uncertainty stated as one standard error. For a
pure hafnon, this relationship predicts an underdetermination of
8'80 by 8.7%o (Fig. 3). Volumetric sputter rates for synthetic
Zm-Hfn range between 0.56 and 0.60 pm3/nA/s, whereas the rate
for natural zircon reference 91500 is lower (0.50 pm3/nA/s;
Table 2). Overall, the inverse correlation between Zr# and sputter
rate is weak (r=-0.46), but there is a correlation (r=0.72)
between IMF and useful yield Y (the ratio of detected O ions
relative to those in the excavated volume), with Y values ranging
from 2.1% to 2.7% and the highest value for the natural reference
zircon (Table 2).

Discussion

The determination of SIMS IMF values for flux-growth syn-
thetic Zm-Hfn allows an assessment of the influence of variable
Hf abundances in reference and natural zircon on the accuracy
of SIMS 8'%0 values. Previously, this has only been investigated
for high-energy secondary ions (Eiler et al. 1997), which does
not apply to current SIMS techniques using multi-collection of
low-energy ions in large-geometry instruments (e.g., Isa et al.
2017). Routine 5'%0 analysis of zircon using multi-collection
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Ficure 4. Expected deviation in SIMS zircon 8'30if91500 zircon is
used as a primary reference to correct for IMF without accounting for a
Hf-related matrix effect for (a) commonly used reference materials
(Table 1), and (b) natural zircon from rhyolites/granites and pegmatites
(Cerny et al. 1985; Lowery Claiborne et al. 2006; Troch et al. 2018;
Ayuso et al. 2020). Top x-axes also show the Hf [in pg/g and wt%
for (a) and (b), respectively] and Zr/Hf (wt) scales for comparison.

in large-geometry SIMS instrumentation achieves an in-run ana-
lytical precision of ~0.1%o (1 standard error; Online Materials'
Table S2). For this, the integration time required from counting
statistics, along with the need to average out FC detector noise,
is balanced against isotopic fractionation with crater depth. Thus,
although longer integration times should theoretically enhance the
precision of the isotopic ratio measurement, this will come at the
cost of stronger isotopic fractionation with depth, thus potentially
resulting in a higher standard error of the mean when ratioing
cycle-by-cycle data.

Using Equation 8 (Fig. 3) and compositional data for stan-
dard zircon references (averages from 5895-12 980 pg/g, or
Zr# %=98.5-99.5; Table 1), the resulting error without
accounting for Hf-compositional variability is at most 0.07%o,
and thus inconsequential relative to the in-run analytical uncer-
tainties (Fig. 4a). Zircon reference materials are generally
derived from mafic—-intermediate igneous rocks (e.g., gabbro,
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diorite, syenite), and their Hf-compositional range expectedly
overlaps with the lower range of Hf-in-zircon for common gra-
nitic-rhyolitic rocks (~8000-26 300 pg/g or Zr# % = 97.3-99.3;
e.g., Lowery Claiborne et al. 2006; Troch etal. 2018; Ayuso et al.
2020; Fig. 4b). Only in the most extreme cases as represented by
Hf-rich zircon from topaz rhyolite (Congdon and Nash 1991),
would an underestimation in 8'80 of —0.4%o result from an
IMF calibration using 91500. Even stronger deviations would
occur for analysis of pegmatite zircon: at a maximum of
29 wt% Hf, equivalent to Zr/Hf (mass)=1 and Zr# % =66.7
(Cerny et al. 1985), the 8'80 value would be ~3%o too low when
calibrated against 91500 zircon reference (Fig. 4b). Oxygen iso-
topic analysis of pegmatite zircon, which could be useful to iden-
tify potential exchange with meteoric waters in commonly
radiation-damaged, high-actinide zircon, thus needs to account
for matrix effects resulting from Zrn-Hfn solid solution.

Matrix effects for oxygen isotope analysis by SIMS for
Zm-Hfn are comparable in magnitude to those of other solid-
solution minerals. However, as with other studies, the exact values
vary between instruments and tuning conditions. In contrast to
other solid-solution series, the IMF variation along the Zm-Hfn
join is highly linear, whereas, for example, for Fo-Fa, sigmoidal
or parabolic functions were used to fit IMF against molar
Fe/(Fe+Mg+Mn) (Isa et al. 2017). Similar nonlinear patterns
were also observed for Fe/(Fe+Mg+Mn) in carbonates
(e.g., Dol-Ank; Fayek et al. 2001; Sliwiriski et al. 2016) or
Ca/(Ca+Mg+Fe) in garnet (Page et al. 2010; Ickert and Stern
2013). The magnitude of SIMS IMF diminishes with the useful
yield, and Isa et al. (2017) argued that the nearly twofold system-
atically higher volumetric sputtering rate with increasing Fa con-
tent in olivine results in a lower steady-state concentration of
implanted Cs. Because Cs is a reactive ion species that enhances
negative ionization, this in turn may lower secondary ion yields
and potentially increase instrumental bias for O isotopes in Fe-rich
olivine. Although the differences in volumetric sputtering rates
between Zm and Hfn end-members are only ~6% (and thus
barely resolvable; Table 2), the ~9%o magnitude of the O-isotopic
bias for Zm-Hfn is nearly identical with that for olivine over the
full Fo-Fa range (Isa et al. 2017). Thus, although sputter rate may
play a role, other structural or compositional properties of the tar-
get must also influence ionization yield and the resulting isotopic
fractionation. As there is no theoretical model to predict oxygen
isotopic fractionation in complex natural materials, we recom-
mend corrections via an empirical linear regression against
Zr#, analogous to the practice of IMF corrections for other
solid-solution minerals (Fig. 3).

Oxygen isotopic heterogeneity in synthetic Zm-Hfn is docu-
mented in bulk and high spatial resolution analyses. Mapping
indicates that coherent domains are isotopically homogeneous
at the scale of individual SIMS spots, but that 5'%0 heterogene-
ities of nearly 3%o exist between domains of the same crystal
grown in an intermediate Zr# flux (Fig. 2). These co-vary with
Zr# (Fig. 2), but to an extent approximately one order of magni-
tude larger than expected for a matrix effect caused by differences
in Hf abundance (Fig. 4). Compositional and isotopic differences
thus appear to have the same origin, rather than the former causing
the latter. One possibility for this is that incomplete mixing in
the flux produced heterogeneity in 8'30 and Hf concentration,
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especially as synthetic hafnon (Armnl) is isotopically more
homogeneous than crystals synthesized from ZrO, and HfO,
mixtures (Fig. 2). Because partitioning ratios for %0 and '°0
are expected to be very close to unity at synthesis temperatures,
diffusive fractionation appears unlikely. However, this is difficult
to quantify due to poorly known diffusivities in the flux and thick-
nesses of the crystal-flux boundary layer (Watson and Miiller
2009). Exchange of the flux with atmospheric O coupled with
local heterogeneities in the flux could also account for some of
the observed heterogeneities in the synthetic Zrn-Hfn crystals,
as indicated by the (overall minor) heterogeneity of the synthe-
sized end-members. This is supported by three-isotope systemat-
ics for synthetic crystals of Ar4, for which A0 indicates that
~10% of oxygen had exchanged with atmospheric oxygen
(A" 70 =-0.5%0) (Young et al. 2014). This exchange was likely
most efficient at the highest temperatures achieved during the syn-
thesis path. The lack of correlation between isotopic composition
and position of the analysis spots (i.e., rim locations are not sys-
tematically different in 8'%0 compared to interiors; Fig. 2) implies
that this exchange produced local heterogeneities rather than a
wholesale shift in the isotopic composition of the flux over the
run duration. We also observe a decoupling between Y and P
(Fig. 2), suggesting that the xenotime substitution:

27r* & Y3 + P )

was irrelevant for these synthetic crystals. This also supports local
heterogeneities within the flux as the common cause for trace ele-
ment and isotopic variability in flux-grown Zm-Hfn crystals.

IMPLICATIONS

Synthetic Zm-Hfn crystals allow a systematic evaluation of
matrix effects for SIMS oxygen isotope analysis. Some oxygen
isotopic heterogeneity of these crystals is likely due to incomplete
mixing and possibly exchange with atmospheric O, during syn-
thesis. Regardless of the minor resulting heterogeneities, results
for synthetic Zm-Hfh crystals indicate that SIMS oxygen isotopic
analysis of natural zircon is generally reliable to within ~0.1%o,
even when isotopic fractionation resulting from variable Hf
abundance is unaccounted for. As Hf is by far the most abundant
non-stochiometric component in zircon, matrix effects for oxygen
isotopes due to trace components are expected to be similarly
minor influences on data accuracy. Zircon crystallized from
pegmatitic and other extremely differentiated melts, however,
should be scrutinized for potential deviations in SIMS §'%0
determination because of potentially strong differences in Hf
abundance between established zircon references and unknowns.
Practically, this can be achieved by linear interpolation between
the IMF factors determined for the Hfn end-member and other
low-Hf zircon reference materials in IMF vs. Zi# space and inde-
pendently determining Hf in unknown zircon by SIMS or other
microanalytical methods.
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