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Abstract

We report stable Zr isotope compositions of four common natural zircon grains:
Penglai, 91500, GJ-1 and Mud Tank, and 22 whole rocks reference materials which
include fifteen magmatic rocks, one metamorphic rock, six sediments or sedimentary
rocks. In addition, the isotopic calibration of the three Zr standard solutions used in
different publications (IPGP-Zr, SRM3169, NIST) has been determined. The data are
reported as 8°¥%°Zr pgp.z, the permille deviation of the Zr/®°Zr ratio relative to the
IPGP-Zr standard solution. The isotopic offsets among the three Zr standard solutions
are small (less than 0.033+0.033%o). The isotopic composition of the zircons agrees
well with previous in-situ measurements, validating the in-situ measurements. On the
other hand, all the samples analyzed in this study show a large range of Zr isotope
compositions of 0.602%o. This confirms the fairly large natural Zr isotopic variations.
The general variation of §*%°Zr pgp.z- with magmatic evolution of the various igneous

samples is in agreement with previous studies, with the most magmatically evolved



samples being the isotopically heavier. The two magmatic zircons are isotopically
lighter compared to the magmatic rocks, which is in agreement with the enrichment of
heavy isotope in the evolved samples. This is ultimately controlled by the

crystallization of isotopically light zircons.

Introduction

Zirconium, as a high-field strength element (HFSE; Zr, Hf, Nb, Ta and Ti), is
characterized by a high charge to ionic radius ratio. The study of the chemical
abundances of HFSEs have been used to investigate a wide variety of geological
processes, including: the evolution of the terrestrial mantle, the genesis and evolution
of the continental crust, and the interaction and differentiation history of the
mantle-crust system (Condie and Shearer, 2017; Niu, 2004; Pearce and Parkinson,
1993; Salters and Shimizu, 1988; Weyer et al., 2003; Woodhead et al., 1993).
Zirconium has five stable isotopes, *°Zr (51.45%); *'Zr (11.22%); %Zr (17.15%); *Zr
(17.38%) and *°Zr (2.80%), among which *Zr is produced by the decay of the extinct
nuclide “Nb with a half-life of ~37 Ma (lizuka et al., 2016). Because each Zr isotope
was produced predominantly from distinct nucleosynthetic processes or by radioactive
decay (Akram and Schonbdachler, 2016), the study of Zr isotopic anomalies has
provided constraints on nucleosynthetic sites and time scales in the early Solar System
(lizuka et al., 2016; Schonbé&chler et al., 2002, 2003). This preferential interest in
radiogenic %*Zr and in the search for isotopic anomalies, combined with the analytical
difficulties of obtaining complete Zr yields during ion exchange chromatography, have
left the mass dependent fractionation patterns of stable Zr isotopes largely untouched to
date.

The isotopic fractionation of metal elements (such as Fe, Mg, Ti, Cr, Zn etc.) have
provided important insights in various geological processes, such as: core formation
(e.g. Bonnand et al., 2016); mantle melting and metasomatism (e.g. Kang et al., 2017;

Wang et al., 2017); magmatic differentiation (e.g. Dauphas et al., 2014), crust — mantle



interactions (e.g. Inglis et al., 2017), volatile depletion (e.g. Kato and Moynier, 2017),
or the formation and evolution of continental crust (e.g. Deng et al., 2019; Greber et al.,
2017). Zirconium is one of the most refractory lithophile elements (half-mass
condensation temperature of 1736 K) (Lodders, 2003). Its abundance in planetary
mantles is, a priori, not modified by core formation, late veneer, and volatilization
processes (Akram and Schonbé&chler, 2016; Akram et al., 2015; Palme and O'Neill,
2003). Furthermore, it is considered to be one of the less mobile elements during low
pressure low temperature aqueous fluid alteration processes, therefore limiting
redistribution by low temperature metamorphic/metasomatic processes (Anderson et
al., 2002; Green et al., 2006). Zirconium behaves as a moderately incompatible element
during mantle melting with partition coefficient between solid and melt, Dz, between
0.073 and 0.123 (Hart and Dunn, 1993; Mallmann and O’Neill, 2009; McDade et al.,
2003), which is a key characteristic of the HFSEs. The main host minerals of Zr within
magmatic systems are baddeleyite (ZrO;) and zircon (ZrSiQ,), these occur as common
accessory phases across a wide compositional range of igneous rocks (Hanchar and
Watson, 2003; lizuka et al., 2016; Jaakko, 1977; Zhang et al., 2009). Thus, Zr stable
isotopes have the potential to provide constraints on primary magmatic processes on
both terrestrial and extraterrestrial bodies.

To date there have been relatively few studies of Zr isotopes within natural
settings. Akram and Schonbéchler (2016) were the first to report Zr stable isotope
variations between pure Zr standard solution. Inglis et al. (2018 and 2019) developed
the first stable isotope measurements using a double spike method on multi-collection
inductively-coupled-plasma mass-spectrometer (MC-ICP-MS) and found that evolved,
felsic igneous rocks were enriched in heavier Zr isotopes. They suggested zircon
saturation and segregation drove the residual melt to be enriched in heavy Zr isotopes
based on the coordination chemistry of zircons relative to silicate melts, with
precipitating zircons being isotopically light. Zhang et al. (2019) used a laser ablation

in-situ method to analyze Zr isotope compositions of zircon references and natural



zircons. They observed a variation of ~0.4%o in the average values of all the zircons,
across individual growth zones. Notably, reference material FC-1 zircon showed a
significant heterogeneity on the order of ~5%o of Zr isotope compositions among
different grains. Ibafiez-Mejia and Tissot (2019) analyzed the bulk Zr isotope
compositions of zircons and baddeleyites which are cogenetic within the FC-1
anorthositic cumulate. They further reported large Zr isotopic fractionation in these
samples, and show that zircon and baddeleyite were isotopically heavier to the melt,
which is contrary to the expectations from bonding rule or results observed by Inglis et
al. (2018 and 2019). Recently Feng et al. (2020) presented a new method via
thermo-ionization mass-spectrometry (TIMS) and analyzed 11 reference materials
including igneous and sedimentary rocks. However, each laboratory has used different
reporting standards, hindering easy comparison between the disparate datasets. Given
the future interest in in-situ Zr stable isotopic measurements of zircon and that this
method is closely dependent on the zircon standard utilized. It is also important to have
the Zr isotopic composition of zircon standards used for in situ measurements analyzed
by wet chemical methods.

In this study, reference materials spanning different bulk compositions and
petrogenetic/paragenetic processes have been studied to enhance our understanding of
Zr isotope systematics within different terrestrial reservoirs. In particular, we report the
Zr isotopic composition of 4 widely available zircon standards that had been previously
analyzed by laser-ablation (LA)-MC ICPMS, and, tested whether chemical separation
of Zr is necessary prior to analyzing the isotopic composition of individual zircon
grains. Furthermore, modified analytical methods have been used to improve the
precision, accuracy and efficiency of the technique initially outlined by Inglis et al.
(2018). The 8°¥°°Zripgp.z values of igneous rocks spanning a wide compositional range
coupled with bulk measurements of individual zircon grains serves to give a better

insight into how Zr isotopes vary during the magmatic evolution.



The range of zircons analyzed in Zhang et al. (2019) by LA-MCICPMS were also
measured here using a bulk grain, solution method. This technique displays improved
analytical precision compared to LA-MCICPMS, albeit with a comprised spatial
resolution. Furthermore, all samples analysed as part of previous studies were
measured here using the solution double spike MC-ICPMS method in order to better
improve the accuracy of 8*¥°°Zr values for these samples. These measurements are
reinforced by analysis of previously unstudied reference materials, which gives a

greater understanding of the Zr isotope composition of different terrestrial reservoirs.

2. Materials and methods
2.1 Sample materials

In the course of this study, the IPGP-Zr standard solution (Inglis et al., 2018) was
used as reporting standard or “zero anchor” for the given delta notation, with the data
being reported in delta notation as the ratio in the sample relative to this standard as the

permille deviation :

94 90
8721 (%0) = (i i2le _ 1) x 1000

(®*Zr/9°Zr)1pGP-zr

IPGP-Zr standard being the PlasmaCal™ ICP standard (Lot: 5131203028, 2015)
solution (Inglis et al. 2018). A total of 26 reference materials were analyzed, including
three basalts (BHVO-2 and BIR-1a, United States Geological Survey [USGS] ; BE-N,
Centre de Recherches Pétrographiques et Géochimiques, Service d'Analyses des
Roches et des Minéeraux [CRPG]), one andesite (AGV-2, USGS), three microgabbros
(W-2a, USGS; PM-S and WS-E, CRPG), one trachyte (MDO-G; trachyte), one
granodiorite (GSP-2, USGS); one syenite (STM-2; USGS), four granites (GH, AC-E
GS-N and GA; CRPG); one rhyolite (RGM-1, USGS); one serpentinite (UB-N,USGS);
three clastic sediments (JLk-1, JSd-1 and JSd-2; GSJ); one ferro-manganese nodule
(Nod-A-1, USGS); one shale (SCo-1,USGS), one bauxite ore (BX-N), and four widely
used zircon grains: Penglai (Li et al., 2010; Li et al., 2017), 91500 (Wiedenbeck et al.,

1995; Wiedenbeck et al., 2004), GJ-1 (Liu et al., 2010; Morel et al., 2008) and Mud



Tank (Gain et al., 2019; Yuan et al., 2008). Among them, seven magmatic rocks and six
sediments/sedimentary rocks are reported for Zr isotope compositions for the first time.
In addition to the reference materials, two pure Zr standard solutions used in previous
publications were also measured repeatedly as an unknown relative to the IPGP-Zr
standard solution. These standard solutions are: SRM3169 (lot: 130920) used in Feng et
al. (2020) and an aliquot of the “Zryst” standard used in Ibafiez-Mejia and Tissot
(2019). However, there is presently not commercialized isotopically certified Zr
isotope standard by NIST. The ”Zryst” standard is actually presently being calibrated
but since it will certainly be widely used in the future, and it had been previously used
in one publication, it is beneficial to report its isotopic composition relatively to the
IPGP-Zr standard. This solution will be later referred as NIST.

The powdered rock reference materials were weighed in order to give a minimum
of 1 ug sample Zr and then spiked with a **zZr-*zr double-spike (51.4% °'Zr and
48.6% *Zr) at an optimal spike to sample ratio of 43:57 prior to sample digestion
(Inglis et al., 2018). Zircon grains were crushed in an agate mortar and left unspiked
during the digestion procedure. The sample powders were digested in acid digestion
vessel obtained from Parr Instruments® (typically referred to as Parr bombs) using a
mixture of concentrated HF (~27M) and HNO3; (~16M) at a 3:1 (v/v) or 8:1 (v/v) (for
zircons) ratio to obtain total decomposition of refractory phases. A detailed description
of the use of the vessels can be found in Navarro et al. (2008) and Inglis et al. (2018).
Following the initial decomposition in the Parr bombs the samples were dried down and
treated with 2 mL 6M HCI at 140 °C for one day, evaporated to dryness and further
treated in 2 mL mixture of HCI (~6M) and HNO3 (~16M) at a 3:1 (v/v) ratio at 120°C
for one day. After this the solutions were checked for visual clarity to ensure total

decomposition of the sample had been achieved.

2.2 Chemical separation



To test whether it is necessary to perform a chemical purification on zircons,
spiked zircon solutions with and without chromatographic purification are analyzed.
An extended two-step ion-exchange chromatography based on that described by Inglis
et al. (2018) was used to purify Zr from matrix elements (see Table S1). Briefly, in the
first column packed with 2 mL anion exchange resin (Bio-Rad AG1-X8 200-400
mesh), and the sample added to the column in 4M HF. The matrix was eluted with 32
mL (4 x 8 mL) of 4M HF, apart from Hf, Ti, Mo, Te and W which remain on the resin
along with Zr (Schonbachler et al., 2004). The remaining Zr, Hf and Ti were collected
using 10 mL 6M HCI + 0.01M HF. After being evaporated to dryness, the samples were
treated with 16M HNO3; and dried to remove the remaining HCI which would
compromise the effect of the next DGA column. For this second stage column, samples
were loaded on 1 mL Eichrom DGA resin in 1 mL of 12M HNOj3. Remaining matrices
such as Ca, Fe, Ti and Mo were eluted with 12 mL of 12M HNO3z; and 12 mL 3M HNO3
in sequence. Following this the Zr was eluted from the column in 20mL 3M HNO; +
0.2M HF. This method functions well for terrestrial reference materials and the
recovery yields of Zr were higher than 90%.

After purification, sample solutions were dried down and then treated with
concentrated (16M) HNO3z at 120°C for 2 hours to remove any organic residues eluted
from the resin. Following this the sample was dried down and redissolved in 0.5M

HNO; + 0.1M HF prior to mass spectrometry. Full procedural blank was <1ng.

2.3 Mass spectrometry protocols

Zirconium isotope measurements were performed on a Thermo Scientific Neptune
Plus MC-ICP-MS at the Institut de Physique du Globe de Paris (IPGP), France.
Zirconium, like other HFSE, tends to hydrolyze, resulting in insoluble compounds in
solution (Tanaka et al., 2003). To stabilize the Zr in solution and thus improve analyte
washout, HF was added to the HNOjs carrier solute. Because HF acid reacts readily with

silica as a double displacement reaction, it is problematic to use a quartz spray chamber



and plasma torch injector assembly as is standard on the Neptune MC-ICPMS.
Consequently, an inert (silica free) sample introduction system is required. Here we use
a commercially available Savillex™ PFA cyclonic spray chamber (CSC) (no surface
treatment, part number 820-01) (Figure 1a) and a sapphire torch injector (Savillex™
851-011-100708, Figure 1b). The CSC is produced by stretch blow molding
technology, having an integral cyclonic shape similar to the traditional shape of quartz
cyclonic chambers. In order to efficiently extract the sample aerosol towards the plasma
an additional make-up gas is required (Figure 1a). Three tests were performed to
examine the effectiveness of HF acid and the inert sample introduction system, these
were: 1) PFA CSC with 0.5M HNOg3 as carrier acid, 2) PFA CSC with 0.5M HNO3 +
0.1M HF as carrier acid and 3) quartz SIS with 0.5M HNO; as carrier acid. The
results of these tests are presented in section 3.1. In addition, an ESI APEX HF
desolvating nebulizer (Elemental Scientific Inc., USA) coupled with the sapphire
injector, is also used for some sample measurements. The Apex HF consists of a heated
PFA cyclonic spray chamber and a Peltier cooled condenser. Sample solution were
aspirated via a PFA nebulizer into the heated spray chamber and then the dry aerosol
passed to the mass spectrometry, whereas excess solvent aerosol was condensed out by
the condenser. Apex HF is one of four available Apex platforms, which allows
appearance of HF acid.

Between individual analyses, two types of rinse acid of 1M HNO3; + 0.1 M HF and
0.5M HNOj3 + 0.1M HF were conducted in order to wash out Zr efficiently, until the
signal of *°Zr lowered to a typical background value of ~0.3-0.5 mV when using the
PFA CSC and ~2-4 mV when using the APEX HF.

The intensities of %sr*, Pzr*, “zr*, %zr* *zr*, “Mo" and *zr" were
simultaneously measured in static mode. ®Sr* was used to calibrate the %zr*-*°zr*
double spike (Inglis et al., 2018), while **Mo* was collected to monitor interferences of
%Mo" and **Mo* on *zr* and *°Zr* masses respectively. The instrumental fractionation

factor calculated from each Zr isotope analysis was applied to get the measured **Mo*



and **Mo* which could be subtracted from the signals of **Zr* and *Zr*, based on the
natural ratios of **Mo*/**Mo* and ®*Mo*/*Mo* were 0.5805 and 1.0491 respectively
(de Laeter et al., 2003). The details of the instrumental operating parameters are given

in Table S2.

2.4 Data reduction and notation

Data acquisition consisted of 1 block of 40 cycles with an individual integration
time of 4.194 seconds. Three isotopic ratios are required to solve for the three
unknowns — 1) mass-dependent fraction factors of samples relative to the standard, 2)
the instrumental fraction factor and, 3) the mass fraction of the denominator isotope
contributed from the double spike in the sample-double spike mixture. For this
NzrPze*, ¥z /zrt and *Zr*/®zr* were used for double spike data inversion
calculation, which is achieved using the Isospike plugin for the software package lolite

(Creech and Paul, 2015).

3. Results and discussion
3.1 Zirconium washouts during measurement

The washout time for Zr during nebulization in the introduction system can be
long because Zr has a strong tendency to hydrolyse, producing insoluble compounds.
To investigate the benefits of using dilute HF within the analyte carrier acid and rinse
acid, tests were performed using the inert PFA CSC and standard quartz SIS with
different acids. These were: PFA CSC with 0.5M HNO3, PFA CSC with 0.5M HNOs +
0.1M HF and quartz SIS with 0.5M HNOs. The results of these tests for a 200 ng mL ™
IPGP-Zr solution are shown in Figure 2.

It took ~35 min when using the two configurations without HF acid to reduce the
intensity to blank level, whereas the PFA CSC with 0.5M HNO3; + 0.1M HF only had a

wash out time of 3.5 min, where the signal returned to pre-background intensities.



3.2 Chemical purification of zircon grains

The main cations of zircon (ZrSiO,4) are Zr and Si. In addition, zircon is an
important host for trace U, Th, Hf and the REE (Hoskin and Schaltegger, 2003).
Theoretically, as these trace elements in zircon would not exert any influence on the
analyses of Zr isotope composition on mass spectrometry, it is not necessary to perform
chromatographic purification on individual zircon grains. To confirm this, tests were
performed for purified and unpurified zircon grains, the results of which are presented
in Table 1 and Figure 3. With respect to this, it is apparent that there is no resolvable
difference between zircons that have undergone purification chemistry and those that
have not. This is consistent with the fact that the main isobaric interfering element on Zr
isotopes is Mo and the ®Mo*/**Zr* ratio was not changed whether we performed
chemical purification or not. Therefore, without purifying zircons, accurate Zr isotope

composition would be also measurable.

3.3 Accuracy and Precision

Zirconium isotope compositions of the reference materials analyzed in this study
show good consistency with literature data from Inglis et al. (2018), including
BHVO-2, BIR-1a, AGV-2, GS-N, RGM-1 and UB-N (Figure 6 and Table 3). The
exception to this is the granite GA, which is offset towards a lighter isotopic
composition in our study. To examine the possible cause of this discrepancy, repeat
measurements from two different batches of GA were measured. These replicate
measurements yielded average 8°**°Zrjpep.z data of 0.100 + 0.056%0 (2SD, n=14) and
0.099 £ 0.047%o (2SD, n=16) where n denotes the number of measurements from one
batch of powder, which is dissolved and measured at different times. These two batches
provide consistent isotopic composition within error but are both different from Inglis
et al. (2018) (0.188 = 0.019%o; 2SD, n=4). The IPGP inhouse stock of the GA powder
used by Inglis et al. (2018) has been exhausted, preventing investigation of sample

heterogeneity between the 3 batches of powder. As such, based on our results and of



Inglis et al. (2018), it is possible that Zr isotopic heterogeneity does exist within this
sample.

Although it is not necessary to propagate the internal errors when using double
spike technique, from the point of view of sampling statistics, internal errors indicated
by standard error (2se) set the lowest limit of the precision which is usually referred to
as the ‘external precision’ and is indicated by two standard deviation (2SD) based on
replicated measurements of the same aliquots. Because the purification chemistry used
here removes almost all matrix Mo, with measured intensity of *>Mo* typically between
0.01mV ~0.1mV. As such, the internal errors vary roughly in proportion to the square
root of the intensity, providing the amount of analysis cycles remain constant. In
addition, increasing of the number of cycles also serves to improve the internal
precision, as, statistically, the two standard error is inversely proportional to the square
root of the number of measurements. As shown in Figure 4 and Figure 5, measurements
made using the Apex introduction system can give an improved signal intensity of
roughly 4-fold compared to the PFA CSC. For example, we obtain ~3.3 - 3.8V on *°zr*
at total Zr concentration of 200 ng mL ™" under low mass resolution (M/AM = 1700) and
at an aspirating rate of 50 pl/min using the CSC system. Under the same measurement
condition, using an Apex HF we obtained ~12- 14 V on *Zr*. The internal error
denoted by two standard errors (2se) within one analysis improved from 0.033 ~
0.035%o using the CSC to 0.015 ~ 0.018%o using Apex when the number of cycles is 40.
Furthermore, a greater number of analyses give improved internal precision as
mentioned above. Typically, the 2se could reach around 0.011%o for 100 cycles. This
improvement of the internal precision logically implies an improvement of the external

precision (2SD).

3.4 Cross calibration of existing Zr standards
To date there are only six studies that present stable Zr isotopic mass dependent

variations within natural samples. Akram and Schénbéachler (2016) firstly reported Zr



stable isotope variations between pure Zr standard solution: NIST SRM 3169, a VWR
standard solution and and Alfa Aesar solution lot #71-070882. Since we have no
standard solution in common with this study it is not possible to directly compare our
data or include these standards within our study. In the previous Zr isotopic studies,
four different reference standards have been used : IPGP-Zr (Inglis et al., 2018; 2019),
GJ-1 (Zhang et al., 2019), Zrnist (Ibafi ez-Mejia and Tissot, 2019) (the name of which is
now NIST) and SRM3169 (Feng et al., 2020). This is problematic as it prevents easy
comparison of the disparate datasets. It should be noted that Feng et al. (2020) already
analyzed the IPGP-Zr standard against SRM3169. In order to remedy to this, we have
measured GJ-1, SRM3169 and NIST Zr standards used in these existing publications,
relative to the IPGP-Zr standard.

As shown in Table 2 and Figure 4, the offsets of the §°¥*°Zr between the four standard
solutions are small, less than 33 ppm between the three solutions. The variations
between these solutions are an order of magnitude smaller than between the three
standard solutions analyzed by Akram and Schonbéchler (2016). The averaged
8%90Zr pp.z Of three replicates of GJ-1 is -0.008 + 0.022%o (2SD, n=12). The average
89071 pgp.z of SRM3169 (0.026 + 0.028%0, 2SD, n=16) agrees with the difference
reported in Feng et al. (2020) (0.04 + 0.06%o, 2SD, n=16). The 8°**°Zrjpgp.z of
SRM3169 is further calibrated via combining our results with Feng et al. (2020) to get a
value of 0.033 + 0.033%o (2SD) where the 2SD is propagated from the two individual
errors. The 8**°Zrpep.z values of NIST is 0.033 + 0.042%. (2SD, n=18). Based on
these results we suggest the following offset values can be applied to samples measured
relative to SRM3169 of 0.033+ 0.033%o (2SD), NIST of 0.033 £ 0.042%. (2SD) and
GJ-1 0f -0.008 + 0.022%o in order to present final delta values relative to IPGP-Zr. This
serves to allow for the easy comparison of Zr isotope values between studies.

Figure 6 displays *¥°°Zr pep.z; values of the reference materials studied here compared
to literature data for the same reference materials. Values for five zircons and four

igneous rocks previously analyzed at IPGP and China University of Geosciences



(CUGQG) are also given. For comparison data given by Zhang et al. (2019), which was
obtained using an in situ LA-MC-ICP-MS technique, has been renormalized to the
IPGP-Zr standard and presented as 8°**°Zrpgp.z Using an offset value of -0.008 + 0.022
%0 (2SD; n = 12) which is the difference that we obtained between the zircon standard
used in this study (GJ-1) and the IPGP-Zr standard. It should be noted that all the
replicates of the zircons in this study are from different parts of one single crystal. The
consistency of 3*¥*°Zrpep.z: values of the replicates from this study and the consistency
of zircon data between the two laboratories confirms the accuracy of both
wet-chemistry and in-situ analysis for Zr isotope measurements. Furthermore, it shows
that these zircons could be used as homogenous Zr isotopic references, which is not the
case for the FC-1 zircon which are very heterogeneous (see Zhang et al. 2019). In terms
of previously analyzed igneous rocks, 5*¥%°Zr pgp.z; values of BHVO-2, AGV-2, W-2a
and GSP-2 are consistent within error albeit slightly heavier with what was reported in

Feng et al. (2020).

3.5 The stable Zr isotopic composition of geological reference materials

The stable Zr isotope compositions of all reference materials analyzed in this study and
complementary literature data are presented in Table 3 and displayed in Figure 3..The
samples noted “Replicate” represents full replicated measurements, including different
dissolutions, double spike additions, chemical separations and mass spectrometer
measurements. When nothing is indicated it means that these are the same solutions
that have been analysed during different mass-spectrometry sessions. For example, we
have performed 8 full replicates of BHVO-2 (for 45 mass-spectrometry analyses total)
which are all identical within error with the most extreme values being 0.025+0.067 %o
and 0.061+0.041%. for an average of 0.044+0.041%o.

The overall 8°*°Zrpep.z range of the reference materials analyzed in this study is
0.602%o, indicating large Zr isotope variation both high and low-temperature

geological processes.



We report the first Zr isotopic data for sedimentary rocks. We can note that most
sedimentary rocks have isotopic composition that fall within the range of igneous rocks
at the exception of the manganese nodule Nod1-A (-0.127+0.024) suggesting either
isotopically light seawater and/or isotopic fractionation of Zr during adsorption
processes. More work will be needed to further tests these hypotheses. The serpentinite,
UB-N, have similar isotopic composition as basalts suggesting that serpentinization has
a limited effect on Zr isotopes at the bulk rock scale. This is not surprising given that Zr
is among the less mobile elements during low P-T aqueous fluid alteration processes
(Anderson et al., 2002; Green et al., 2006).

The igneous rocks span a compositional range from mafic to felsic. Across this range an
increase of Zr isotope compositions towards heavier values in observed for more
evolved (felsic) rocks. Although these rocks are not genetically related, this trend is
consistent with previous work that has shown felsic rocks to be preferentially enriched
in the heavier isotopes of Zr, which is interpreted to reflect incorporation of the lighter
isotopes within zircons owing to differences in coordination chemistry (Inglis et al.,
2018, 2019).

However, the 8°*°Zrpep.z; values for the microgabbros analyzed here differ slightly
from this simple interpretation. The &**°Zrpep.z; of microgabbros range from
isotopically light (PM-S: -0.103 £ 0.050%o 2SD) to heavy (W-2a: 0.112+ 0.040%0 2SD)
isotopic composition compared to basalts, within which one value (WS-E: 0.036%
0.049%o) accords with that of the basalts. Within the main Zr-bearing phases, zircon
and baddeleyite, the coordination number (CN) for Zr are eight and seven respectively.
Whereas Zr exists in 6-fold in silicate melts. Apart from zircon and baddeleyite,
clinopyroxene is also an important host for Zr (Watson and Ryerson 1986; Krogh
1993). Zirconium usually occurs in six-folded sites of clinopyroxenes (Wilke et al.,
2019). In addition, Zr could substitute for Ti in the 6-fold coordinated Ti oxide minerals
(Farges et al., 1991; Louvel et al., 2013). Thus, zircon and baddeleyite should preserve

lighter Zr isotpes compared to the melts whereas the isotopic effects induced by



clinopyroxene or Ti oxide minerals are unclear if just based on coordination chemistry.
The limited information about the occurrence of zircon or baddeleyite in these
microgabbros makes it difficult to explain the variations. Without further mineral-scale
Zr isotope investigations including clinopyroxene and Ti oxides, and the knowledge of
zircon or baddeleyite features in these microgabbros, it is difficult to comment on their
Zr isotopic composition.

The range of 8°*°Zripp.z values seen in 5 zircon reference grains (the four reported
here plus Plesovice zircon from Inglis et al. 2018), are resolvably different, with an
overall variation of ~ 0.20%o. Of these grains Penglai has the lowest 8***°Zrypgp.z
(average of -0.094 + 0.043%o) whereas Plesovice exhibit the highest value (0.113 +
0.033%0). 91500, GJ-1 and Mud Tank display 5*¥°°Zr pep.z; values of -0.025 + 0.044%.,
-0.008 % 0.022%o and 0.059 *+ 0.040%o respectively. The Zr isotope composition of
zircons depends on many factors. Zircons can have various origins, including igneous
and metamorphic petro/para-genesis (Belousova et al., 1998; Corfu et al., 2003; Hoskin
and Schaltegger, 2003; Nasdala et al., 2001). For example, the Penglai zircon
megacrysts originated from Neogene alkaline basalts (Li et al., 2010; Li et al., 2017)
whereas the PleSovice zircon occurred in a potassic granulite (Vrana, 1989). Three
zircons from magmatic origins (-0.094 + 0.043%o. to -0.008 + 0.022%o) are significantly
lighter than the estimated mantle composition based on basalts (0.048 +0.032%o; 2
sd, n=48, Inglis et al. 2018) and most magmatic rocks presented here. Based purely on
coordination chemistry, zircons should have a lighter Zr isotopes compared to their
equilibrated melts (see Inglis et al. 2019) and therefore our observation is in
agreement with this prediction. Mud Tank zircons originated from a magmatic
carbonatitic rock, however, it is possible that zircons from carbonatites suffered
recrystallization because of infiltration of late-stage melt (Tichomirowa et al. 2013).
For the metamorphic related zircon from metamorphic rocks, their formation could
originate from melting during anatexis (Vavra et al., 1999), decomposition of

different minerals (such as garnet, feldspar, rutile) (Fraser et al., 1997), or



metamorphic fluid (Dubinska et al., 2004), all processes that could create Zr various
isotopic fractionations and therefore explain the different isotopic composition of the
zircon from Plesovice from magmatic zircons. Mineral-scale studies of zircons (e.g.
Zhang et al. 2019) will be the key in the future to better understand fractionation
mechanism of Zr isotopes in different geological processes — particularly those forming

in metamorphic environments.

Conclusions

The stable Zr isotope compositions of 26 widely available reference materials,
including 4 zircons previously used for in-situ analyses, and 3 standard solutions
previously used as reference standards for bulk measurements, were analyzed in this
study.
The overall variation of 8°°Zrpgp.zr between the reference materials is 0.602%o,
indicating significant Zr isotopic composition in nature. The value reported here for
zircon standard are consistent with previously measured by LA-MCICPMS.
Interlaboratory comparisons demonstrate the accuracy of the method used in this study,
especially from the zircon results. We show that for the analysis of zircons, there is no
need to perform prior chemical purification to obtain high precision isotopic data.
Magmatic zircons have light isotopic compositions compared to basalts, as inferred
previously based on the isotopic composition of a magmatic differentiation series.
We report the offsets between the three different standards used previously in the
literature. These values can be used in future works for inter-laboratory comparisons.
In general, 8***°Zrjpep.z values become higher as the magmatic composition is more
evolved. The relatively large variations of 8**°Zrpep.z values between intrusive
igneous rocks likely reflect mineral accumulation or crystallization and mineral-melt
segregation. The trend of Zr isotope fractionation between mineral and silicate melt

accords with empirical bonding rules and the observation from Inglis et al (2019).
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Figure 1 a. Savillex PFA cyclonic spray chamber (CSC) (no surface treatment, part
number 820-01). Sample solutions are aspirated by sample gas (B) through the PFA-50
micro-flow nebulizer and assembled sample capillary (A). The make-up gas (C)
improves the delivery of nebulizing sample solutions into the torch through the elbow
connection (E). The waste droplets go down to the drain (D) at the bottom of the spray
chamber. b. Thermo Injector Assembly with Sapphire Injector (1.8 mm ID, precleaned,

851-011-100708) in the torch.
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materials. Error bars indicate 2SD uncertainties. Colorful symbols with black edge
represent the data from this study, plus zircon symbols (diamonds) with cross
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al. (2019).
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Figure 4 Zr isotope compositions of SRM3169 and NIST. CSC and Apex denote the

two different inlet systems with brackets behind them including the signal on *Zr".

Error bars indicate 2se uncertainties within each block. Data can be found in Table S3.
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Figure 5 Zr isotope compositions of BHVO-2 analyzed at different conditions. Note
that 5°¥%°Zrpep values of BHVO-2 measured using CSC showed here are selected
randomly from all the measurements because we just want to show the usual internal
precision under this condition. Error bars indicate 2se uncertainties of every analysis.
The data below the circles indicate the average values and their 2SD uncertainties of the
measurements, n representing the number of replicates for one aliquot. Data can be

found in Table S4
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Figure 6 Interlaboratory comparison of Zr isotope compositions of zircons and RMs.
The ordinate shows §°**°Zrjpgp.zc measured on the MC-ICP-MS at the Institut de
Physique du Globe de Paris (IPGP), among which the §**°Zrpgp.z value of zircon
Plesovice is from Inglis et al. (2018) and others are reported in this study. The
horizontal ordinate represents the data of zircon and RMs from Zhang et al. (2019)
indicated by red-colored diamonds and Feng et al. (2019) denoted by blue-colored
circles which were measured on LA-MC-P-MS and TIMS respectively (CUG denotes

China University of Geosciences). The error bars indicate 2SD uncertainties.



Table 1 Zirconium isotope compositions of zircons

unpurified

LA-MC-ICP-MS*

purified
694/902rIPGP—Zr
(%0)
Mud Tank
Mud Tank-R 0.071
GJ-1 0.005
GJ-1-R -0.012
Penglai -0.086
Penglai-R -0.078
91500 -0.028
Plesovice
FC-1

2SD

0.050
0.015
0.042
0.050
0.006
0.038

o 35

894/902rIPGP—Zr
(%0)
0.075
0.031

-0.016
-0.119

-0.021
0.113

25D
0.021

0.042

0.047
0.04

0.049
0.033

E N >

o~

94/90
3 Zpgp-zr

(%0)

0.032

-0.018

-0.148

-0.008
0.132
0.262

25D

0.152

0.045

0.122

0.112
0.102
1.900

 The LA-MC-ICP-MS data of zircons are calibrated based on the data from Zhang et

al. (2019).
> n=number of measurements.



Table 2 Zirconium isotope compositions of standard solutions

Sample name 8949071 o6p-zr (%o) 2SD
SRM3169 0.026 0.028
NIST 0.033 0.042

16
18

n=number of measurements.



Table 3 Zirconium isotopic compositions of bulk rock reference materials

Sample name Description 8°%97r(%o) 2SD n°
BHVO-2 basalt 0.054 0.018 4
Replicate 0.061 0.041 4
Replicate 0.035 0.040 4
Replicate 0.045 0.038 9
Replicate 0.036 0.031 6
Replicate 0.025 0.067 6
Replicate 0.058 0.015 6
Replicate 0.047 0.013 6
Average 0.045 0.025 45

Literature® 0.044 0.044 8
Literature” 0.003 0.052¢ 8
BIR-1a basalt 0.044 0.045 4
0.020 0.037 4

Literature? 0.041 0.054 4
BE-N basalt 0.086 0.059 4
AGV-2 andesite 0.051 0.051 4
0.018 0.053 4

Average 0.035 0.037 8
Literature? 0.044 0.05 4
Literature” -0.017 0.060" 6
PM-S microgabrro -0.103 0.050 5
WS-E dolerite 0.036 0.049 4
W-2a diabase 0.112 0.040 4
Literature” 0.003 0.060" 11
MDO-G trachyte 0.065 0.030 4
GSP-2 granodiorite 0.100 0.034 4
Literature” 0.053 0.060" 7
STM-2 syenite 0.088 0.061 4
GH granite 0.475 0.026 4
AC-E granite 0.313 0.025 4
GS-N granite 0.108 0.056 4



Literature® 0.116 0.022 4
GA-1 granite 0.087 0.035 6
Replicate 0.122 0.066 4
Replicate 0.098 0.060 4
Average 0.100 0.056 14
GA-2 granite 0.123 0.044 6
Replicate 0.084 0.012 10
Average 0.099 0.047 16
Literature® 0.188 0.019 4
RGM-1 rhyolite 0.132 0.050 2
Literature® 0.129 0.035 4
UB-N serpentinite 0.056 0.05 2
Literature® 0.077 0.045 4
JSD-1 stream sediments -0.013 0.064 4
JSD-2 stream sediments 0.047 0.057 4
Replicate 0.042 0.061 4
JLK-1 lake sediments 0.112 0.042 4
Nodl-A manganese nodule -0.127 0.024 4
powder

SCO-1 shale powder 0.085 0.036 4
BX-N Bauxite 0.099 0.042 4

% The literature data is from Inglis et al. (2018).

® The literature data is calibrated based on the IPGP-Zr value 8°**°Zrsgmaieo = -0.04+
0.06%o (2SD, n=16) from Feng et al. (2020) and the SRM3169 value 5**°Zrpgp=z =
0.026%0.028%o0 (2SD, n=16). Their average value = 0.033+0.033%o0 where the error

obtained via error propagation.

¢ n=number of measurements.

9 The 2SD uncertainties are calibrated via error propagation from the error 0.033%o
mentioned in b and those reported in Feng et al. (2020).
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