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Micro-zircon inclusions in accessory minerals reveal more complete magma compositional evolution

records

Elizabeth A. Bell*!, Heather M. Kirkpatrick'?

!Dept. of Earth, Planetary, & Space Sciences, UCLA, Los Angeles, CA 90095, USA

Znow at Dept. of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, USA

*Corresponding author: ebell21@ucla.edu

Abstract

Trace elements in magmatic zircon exhibit characteristic trends during magma compositional evolution.
Zircon geochemistry presents the advantage over whole rock geochemistry of showing progressive
‘snapshots’ of accompanying melt chemistry during magma crystallization, and in situ methods such as
LA-ICPMS and SIMS can provide multiple analyses in zoned zircons for higher resolution of magmatic
processes. However, one limitation is that zircon is typically a late-crystallizing phase, leaving much of the
magmatic history unrecorded. Using the CAMECA ims1290 ion microprobe with Hyperion-Il ion source,
we explore whether micro-zircon (ca. 5-40 um) captured by relatively early-crystallizing magmatic
accessory minerals can meaningfully enhance the interpretations of zircon trace element records of
magmatic evolution in two granites from Southern California: the La Posta 2-mica granite and the granite
of Butler Peak (Big Bear Lake Intrusive Suite). We find that contamination of the inclusion measurement
by major structural constituents of the host phase is a problem for most measurements, but that species
which are not structural components of the host phases follow typical magmatic zircon trace element
evolution trends. Compared to free grains from a mineral separate, zircon inclusions in ilmenite and

apatite from the La Posta 2-mica granite are on average lower in Hf, recording plausible extensions of
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these magmatic evolution trends to earlier periods in magma evolution. Free zircons from the granite of
Butler Peak’s mineral separate form a more complex story, recording both mixing between Cretaceous
magmas derived from different depths (based on their U/Yb and Eu/Eu* behavior) and inheritance of
older Mesozoic to Proterozoic zircon. Most zircon inclusions in Butler Peak magnetite and ilmenite are
chemically like the apparently shallow magma-derived Cretaceous zircons in the free matrix, while a small
proportion of the included zircon resemble more closely the apparently deeper magma or the inherited

grains.

Introduction

Magmatic zircon displays characteristic trace element relationships related to magma evolution
by crystallization and fractionation (e.g., Claiborne et al., 2010). For example, these typically identified
crystallization patterns include a negative relationship between Ti and Hf which — since Ti concentration
relates directly to crystallization temperature (Watson and Harrison, 2005; Ferry and Watson, 2007)—
demonstrates an increase in Hf with progressive zircon crystallization from a melt (Claiborne et al., 2010).
Because zircon tends to saturate relatively late in the crystallization history of most magmas (e.g.,
Boehnke et al., 2013), zircon trace element patterns can typically only provide information about the later
stages of magma compositional evolution. Other methods, or trace element evaluation of other accessory
phases, may be necessary for probing earlier melt history. At the same time, the lower-Hf, less evolved
portions of the zircon population may display substantially different trace element behavior than the
more evolved populations (e.g., Th/U versus Hf slopes). Further exploring the early history of the zircon
suite is limited by the number of zircons with unaltered magmatic chemistry (judged by, e.g., Sm/La or
the light rare earth index, LREE-I; Hoskin, 2005 and Bell et al., 2016, respectively) which fall at relatively
high Ti and low Hf. Given that LREE-I tends to increase (i.e. appear more magmatic) during magma
evolution the conservative use of this filter will also limit the number of analyses available at the less-

evolved end of the zircon distribution.
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Other trace element ratios that typically vary with increasing Hf in shallow to mid crustal magmas
include decreasing Th/U, decreasing Eu/Eu¥, increasing U/Yb, and increasing Yb/Gd with increasing Hf.
Although decreasing Eu/Eu* can be tied to plagioclase fractionation, the other ratios are probably affected
by a variety of other co-crystallizing minerals. Zircon Th/U also differs by magma composition, with mafic-
intermediate high-temperature melts yielding zircon with higher average Th/U than more felsic melts
(Kirkland et al., 2015). Whether the high Th/U displayed in the less-evolved, low-Hf portions of granite
zircon suites is related to the more universally high Th/U in mafic zircon suites is unclear. In granite zircon
suites with a large range in Hf contents, the slope of the Th/U vs Hf relationship may differ significantly
with Hf, often forming a concave-up relationship (e.g., Claiborne et al., 2010; Bell and Kirkpatrick, 2021)
with the less evolved (low-Hf) zircons showing near-vertical slope vs Hf. In some cases, deviation from
these expected patterns for many of these trace element ratios may suggest significant crustal

assimilation or magma mixing (e.g., Langenheim et al., 2021; Bell and Kirkpatrick, 2021).

Instead of searching for the relatively rare, less evolved, low-Hf zircon among the typically sized
grains picked from mineral separates (usually >50-100 um), one alternative for probing the earlier magma
evolution history may be to search for zircon inclusions that were trapped in other minerals shortly after
zircon formation, and before they could be mantled by relatively larger volumes of later zircon grown
from more evolved melt. Relatively early-forming minerals, such as many ferromagnesian phases or Fe-
Ti oxides, may be able to capture and armor zircon early in its growth history, providing an additional
archive that should in theory be more biased towards the early magmatic history. Zircon trapped by later
accessory phases may show less bias and might help identify the latest parts of the magmatic history as
recorded in zircon. In order to investigate this possibility, we have undertaken analyses of Ti, REE, Hf, Th,
and U on a suite of 5-40 um zircon hosted as either inclusions or embaying phases by magnetite, ilmenite,

sphene, apatite, and monazite in two silicic granites from southern California.
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Samples & Methods

Granite samples were crushed to <425 um and panned in water. The heavy mineral separate was
then further sorted using a hand magnet followed by a Franz isodynamic magnetic separator. Free grains
of magnetite, ilmenite, zircon, monazite, and apatite were picked from the various magnetic separates,
mounted in epoxy, and polished with silicon carbide grinding paper and diamond paste to expose an
interior surface. Electron imaging using a Vega 3 XMU scanning electron microscope (SEM) fitted with an
energy dispersive x-ray detector (EDS) was used to find and identify inclusions within the accessory
mineral grains. We focused on the granite of Butler Peak (San Bernardino Mountains) and La Posta
muscovite-biotite granite (see Fig. 1) here due to the ubiquity of zircon inclusions in oxide and phosphate

accessory minerals. All analyzed zircon inclusions are tabulated in Table 1.

La Posta muscovite-biotite granite: The La Posta muscovite-biotite unit is the innermost, evolved
unit at the core of the Cretaceous La Posta pluton in the Peninsular Ranges Batholith, southern California
(e.g., Clinkenbeard and Walawender, 1989). It is a fine-grained 2-mica, ilmenite series granite with
isotopic evidence for some assimilation of metasediment (Walawender et al., 1990). IImenite, apatite,
and monazite picked from the mineral separate contain abundant 5-20 um zircon inclusions (Bell et al.,
2022) either fully enclosed or embaying the grain edge(see Fig. S1). Bell et al. (2022) concluded, based on
comparing mutual fully-enclosed inclusion proportions (see Table S2), that zircon likely began to crystallize
before ilmenite and apatite in this magma and monazite began crystallizing after ilmenite, leading to
potential sampling of different stages of magmatic history with inclusions in ilmenite potentially sampling
earlier stages of melt history. U-Pb dating suggests no pervasive inheritance of older zircon (Kirkpatrick

et al., 2020).

Granite of Butler Peak: The granite of Butler Peak is the innermost, evolved, peraluminous unit at

the core of the Cretaceous Big Bear Lake Intrusive Suite in the San Bernardino Mountains, southern
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California (Barth et al, 2016). It is a fine-grained 2-mica magnetite-series granite also containing ilmenite
and monazite. Zircon U-Pb dating of the unit by previous studies reveals some inheritance of Proterozoic
country rock zircon as well as scattered >100 Ma zircon potentially related to earlier Phanerozoic magmas
(Barth et al., 2016; Bell et al., 2022). A survey of mineral inclusions (by Bell et al., 2022) in various accessory
minerals of the Butler Peak unit reveal abundant 5-20 um and occasionally larger crystals of zircon either
fully included in or embaying magnetite, ilmenite, and monazite. Bell et al. (2022) concluded on the basis
of comparing mutual fully-enclosed inclusion proportions that zircon likely began to crystallize before the
Fe-Ti oxides in the magma and monazite began crystallizing after the Fe-Ti oxides (see Table S2). This
suggests that small zircon inclusions trapped within monazite will preferentially sample the later stages
of magma history, while small zircon inclusions trapped within the oxides may preferentially sample
earlier stages.In addition to textural observations of inclusion phases, Bell et al. (2022) also undertook ion
microprobe U-Pb dating for the free zircons in the granite of Butler Peak, and we refer to their results to

distinguish inherited from neo-grown free zircon.

lon microprobe trace element measurements

Trace element measurements were undertaken using the CAMECA ims1290 ion microprobe at
UCLA with the Hyperion-Il ion source (Liu et al., 2018). Following the analytical procedures of Schmitt and
Vazquez (2006), a suite of trace elements including P, Ti, Y, the REE, Hf, Th, and U were collected using °Si
for normalization. Mg, Mn, and >’Fe/3°Si were also collected to check for contamination by surrounding
host phases, as typical for zircon trace element measurements (e.g., Schmitt and Vazquez, 2006). As an
additional check, we also use *°Zr/3°Si and **Ca/*°Si as guides for placement on zircon vs surrounding

phases.

Analyses were run at low mass-resolving power (<1600) for maximum signal throughput. To suppress

molecular interferences, a -100V offset was applied to the sample stage and additional peak stripping for
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REE oxide interferences was carried out offline. The NIST-610 standard glass was used to calculate relative
sensitivity factors for all elements, and accuracy was checked against the 91500 zircon compositional
standard (Wiedenbeck et al., 2004). While zircon trace element measurements are typically run with
primary beam intensities sufficient to yield >100,000 counts per second (cps) secondary sighal on 3°Si
(typically 3-5 nA O3 on the ims1290), we used Os;~ primary beams between 750 pA and 1.4 nA, with
resulting 3°Si signals ranging from the high 1000s to 10,000s cps. The field aperture was kept relatively
open at a width of 5000 um for all standard analyses and analyses on larger free-mounted zircons in the
grain mounts. For zircon inclusions in other phases, the field aperture was narrowed on a case-by-case
basis to values between 3000 and 650 um to limit contamination by surrounding materials. We undertook
measurements of many zircon inclusions in Butler Peak magnetite with a static beam, while for most other
inclusions we used a 2 um raster with a corresponding raster added in the secondary beam to compensate

(i.e., DTOS).

Results

For inclusions with a small dimension of 10 um or larger, it was generally possible to place the
analysis spot on the included zircon with minimal or no overlap with the host phase (see Figs. 2, S1). For
inclusions with small dimensions under 10 um, this was less consistently achieved. The incident angle of
the primary beam imparts some horizontal movement during digging of the crater, leading to the partial

host overlap in some cases (see Figs. 2, S1).

Regardless of crater overlap, analyses were consistently contaminated with major constituents of
the host phase — virtually all analyses on magnetite contained unusually high >’Fe/*Si compared to the
larger zircon picked freely from the mineral separate. All analyses in ilmenite hosts and most in magnetite
hosts show Ti contents much higher than inclusions in other phases or free zircon within the same unit.

Likewise, P and LREE contents are much higher for zircon included in apatite and monazite hosts compared
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to free zircon or oxide-hosted zircon. For micro-zircon inclusions in oxide and sphene, LREE-I values
typically fall above 30, suggesting unaltered and uncontaminated magmatic REE chemistry (Bell et al.,
2016). Most free zircon have similarly high LREE-I values. Zircons in monazite and apatite mostly though

not all have LREE-1<30.

Discussion

Micro-zircon inclusions from their respective rocks fit well into the magmatic evolution histories
defined by free zircons in the same rocks after filtering for alteration and contamination. Contamination
by structural constituents of the host phase is widespread, and is assessed in Figure 3 for the La Posta
micro-zircon. Figure 4 defines groups of neo-grown magmatic zircon vs inherited zircon from the granite
of Butler Peak, and these groups are used in Figure 5 which shows host phase contamination in the micro-
zircon vs free zircon from the granite of Butler Peak. Inclusions in ilmenite contain Ti concentrations that
lead to geologically unrealistic calculated Ti-in-zircon temperatures, and most inclusions in magnetite also
have Ti contamination from the host grain. Oxide-hosted micro-zircon show high LREE-I mostly falling into
the primary magmatic composition range (Bell et al., 2016), and the inclusions in La Posta ilmenite fit well
into the relatively simple shallow fractionation trends shown by free zircons picked from the heavy
mineral separate for that magma (Bell and Kirkpatrick, 2021). They fall preferentially toward the low-Hf,
less-evolved portion of the zircon melt history. Free zircons in the granite of Butler Peak record a more
complex evolution, with U-Pb results from Bell et al. (2022) defining inherited vs neo-grown magmatic
zircons among the sampled free zircons. Neo-grown magmatic zircons are classified into three groups
(see Figure 4): we define two lower-Hf groups by contrasting P contents (high-P >200ppm and low-P
<200ppm) and note that their very different U/Yb and Eu/Eu* may suggest origins in separate melts (e.g.,
Bell and Kirkpatrick, 2021; discussed further below). A high-Hf group consistent with more evolved melt
may be linked to the high-Hf neo-grown zircons identified previously in highly evolved granites from the

Big Bear Lake Intrusive Suite by Barth et al. (2016). These high-Hf zircons are also more isotopically
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homogeneous than zircon derived from a number of less-evolved magmas (i.e., low-Hf, higher-T zircon),
suggesting the mixing of several less evolved magmas to form the more highly evolved melts in the suite
(Barth et al., 2016). As a caveat to the discussion of micro-zircon inclusions versus “free” zircons, our
sample processing procedures do not allow us to constrain whether the larger zircons were included in

larger, brittle host grains (e.g., biotite) before sample crushing.

Micro-zircon inclusions vs free zircon

We plot the light rare earth element index (LREE-I; Bell et al., 2016, 2019), a measure of REE
contamination in zircon, against common contaminants in the included and free zircon in Figures 3 and 5.
On Figure 3 and 5 we include low cutoff values for altered REE chemistries suggested by several studies.
LREE-I < 30 is based on the strong increase in light element, P, and U-Th contaminants below LREE-I = 30
in the Archean-Hadean Jack Hills zircons, which have undergone metamorphism in a quartzite host rock,
with contamination of cracks and void space by secondary Fe-Ti oxides and phosphates (e.g., Bell et al.,
2015; Rasmussen et al., 2011). We also include on these figures the more conservative LREE-I < 60 cutoff
suggested by Bell et al. (2019) for out-of-context zircon based on several modern granitoids with varying
degrees of alteration. We define LREE-I < 30 as the cutoff for alteration for the purposes of this manuscript
given the specifically oxide and phosphate contaminants similar to the Jack Hills case. Most free zircon
appear unaltered and uncontaminated based on LREE-I and low quantities of Ti, Mn, Fe, Mg, and P.
%7r/3%Si of ~ 2-2.5 appears typical for free zircon as well as most included zircon. This quantity was not
measured for several of the free zircon in La Posta (Bell and Kirkpatrick, 2021). Inclusions in ilmenite show
the clearest contamination trends for La Posta with increasing Ti, Fe, Mn, and Mg with decreasing LREE-I,
although inclusions in apatite also show increasing P contamination with lower LREE-I (Figure 3).

Alteration or contamination trends with LREE-I are unclear in the granite of Butler Peak (Figure 5).
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For analyses that may retain some aspects of uncontaminated primary REE chemistry based on
the LREE-I, we plot both free zircons and zircon inclusions for the same magmatic unit in trace element
guantities that show characteristic trends during magma evolution (Figures 6, 7). We plot for comparison
the inclusions with low LREE-I which appear to reflect alteration or contamination with other REE-rich
phases. We note differing behaviors for the La Posta inclusions vs the Butler Peak inclusions. Compared
to free zircons in La Posta, the La Posta inclusions tend to cluster toward lower Hf contents. Although
their relationship to free zircons is somewhat obscured by the higher error bars — particularly for Eu/Eu*
— the inclusions tend to fit in to the relatively simple trends displayed by free zircons (Figure 6). These
include decreasing Th/U and Eu/Eu* with increasing Hf, along with increasing U/Yb vs Hf. We also observe
anti-correlated Yb/Gd vs Th/U and U/Yb vs Eu/Eu*. Butler Peak free zircons display more complicated
Eu/Eu* and U/Yb behavior (Figure 4). Low-P free zircons are more likely to display high U/Yb and typically
have higher Eu/Eu* than the high-P and high-Hf free zircon. While many zircon inclusions in oxides show
high Eu/Eu*, they mostly have low U/Yb more similar to most high-P free zircons. The inclusions also
mostly appear to contain >200 ppm P. This may suggest their derivation from higher-Eu/Eu* (i.e., less
evolved) melts in the high-P group. Some of the high-U/Yb, high-Eu/Eu* inclusions may be consistent with
either the low-P free zircon or with inherited zircon, although the latter show less systematic chemistry.
We must also evaluate the role of host phase contamination and the feasibility of eliminating it while

retaining useful signals for the other geologically interesting trace elements.

Challenges and trade-offs in eliminating host phase contamination

Even in cases where later SEM imaging shows no visible overlap of the analysis pit with the host,
we consistently observe significant contamination by host phase major element constituents (see Figs. 3,
5) even with the field aperture narrowed to the point of significant signal reduction in many cases. The
secondary ion signals from our zircon inclusions are much weaker than those for typical zircon trace

element measurements using this method (for 3°Si typically several 100,000 counts per second; e.g.,
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Schmitt and Vazquez, 2006), owing to the lower primary beam intensity and narrow field aperture (2000-
650 um). For many of our inclusions, we observe signals of <10,000 cps for 3°Si. Consequently, low-
abundance trace elements like the LREE have notably higher error bars in our inclusions compared to
higher-signal measurements on larger zircons. For example, Nd in our La Posta inclusion zircons shows
average external 1 s.d. error bars of 31% (see Table S1), as opposed to 16% in larger La Posta zircons
measured by Bell and Kirkpatrick (2021). For many inclusions these limitations begin to stretch the limits
of data usability, especially for calculating the LREE-I and Eu/Eu* (see Figs. 3, 5). Because of the signal
limitations that will be necessary for cutting out all host phase contamination in zircons of this size, usable
REE pattern measurements may need to be made separately from usable measurements of Ti in, for
instance, ilmenite- or rutile-hosted inclusions — should usable measurements of Ti be possible in such
samples. A more systematic study to determine inclusion size, optimal primary beam current, and optimal
field aperture width is beyond the scope of this study but will likely be necessary in order to determine
the feasibility of Ti measurements in ilmenite-hosted zircon. For measuring trace elements that are not
structural constituents of the surrounding phases, this method seems to suffice in measuring, for example,
magmatic REE patterns (based on LREE-I) for zircon inclusions in oxide minerals and even, in rare cases,

phosphate minerals that fit into the granitoid’s free-grown zircon trace element trends.

Our primary beam tuning for these analyses (critical/Gaussian beam) has proven suitable for
other micro-grain applications, such as U-Pb dating (e.g., Liu et al., 2011 for a duoplasmatron ion source
on a similar instrument; Marquardt et al., 2022 with UCLA ims1290 with Hyperion-Il as used in this study),
where contaminating common Pb from surrounding phases may adversely affect the U-Pb isotopic date.
However, Pb is a structural component of relatively few minerals, so this may not be a good analogy for,
e.g., measuring trace Ti in a zircon embedded in ilmenite. Further refinement of this technique may allow
more probing of elements that are minor to major constituents of the host phases. There is some reason

for optimism: for example, several zircon inclusions hosted in Butler Peak magnetite contain <10 ppm Ti
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and only mildly elevated >’Fe/3°Si relative to free zircon from the mineral separate. One each of the
monazite- and apatite-hosted zircons in the granite of Butler Peak also show LREE-I > 30. Out of context,
this LREE-I is suggestive of primary magmatic chemistry (Bell et al., 2016), although LREE-I > 60 and
(La/Sm)n > 10 presents a clearer case for primary magmatic chemistry (Bell et al., 2019 and Hoskin, 2005
respectively) and are not displayed by any phosphate-hosted zircons in this study. We also note that the
spurious Ti concentrations in ilmenite-hosted zircon measured by ion probe in this study are likely less
than that which would be imparted by secondary fluorescence on an electron microprobe (Wark and

Watson, 2006).

An alternative source of contamination — as opposed to the liberation of material directly from
the host by the margins of the primary beam — is surface contamination of the inclusion by surrounding
host material during polishing. Longer pre-sputter intervals during which the ion beam rasters the surface
of the inclusion and cleans off potential host-derived surface contamination may be helpful in future
studies, but imposes the additional danger of sputtering away the actual zircon inclusion before analysis
can take place, especially since the depth of the zircon beneath the mount surface is unclear. For the
smaller zircon inclusions <5 um, these long pre-sputter times may sputter a significant amount of the

analyzable volume of the sample itself, and further testing for feasibility will be needed.

For completeness, we evaluate the alternative hypothesis that the high abundance of host phase
major constituents in our measurements reflect not analytical contamination but rather diffusion into the
micro-zircon inclusions in amounts that would be geologically unreasonable in other settings. Because
diffusivities of Ti and several REE in zircon are known, we can calculate characteristic diffusion length
scales for these species in zircon. For the sake of argument, we consider a case where the magmas were
held until geologically recently at the lowest magmatic temperature recorded by a grain with “clean”
LREE-I and magmatic Th/U (assuming otio,=0.7: 621°C in LP6, 631°C in BB14) and the approximate age of

these granitoids (La Posta: ca. 100 Ma, Kirkpatrick et al., 2020; Butler Peak: ca. 80 Ma, Barth et al., 2016;
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Bell et al., 2022). For zircon held at 650°C for 100 Ma, using the diffusivity of Ti in zircon from Cherniak
and Watson (2007) and the diffusivities of Yb, Dy, and Sm in zircon from Cherniak et al. (1997), we
calculate characteristic diffusion lengths of 1x10°® um for Ti and 1x10*, 9x107°, and 3x10® um for Yb, Dy,
and Sm respectively. These chemical species would in summary be essentially immobile in neo-grown
magmatic zircons from these granites, even if they were held at only slightly subsolidus temperatures
since their crystallization. Recent re-evaluation of Ti diffusivity has suggested significant anisotropy in
zircon, with much faster diffusion parallel to the c-axis (Bloch et al., 2022). Redoing this calculation using
these revised diffusivity estimates however suggest a characteristic diffusion length of only 0.1 um parallel
to the c-axis — a potential volumetrically significant concern for the smallest of the inclusions documented
here (e.g., <2 um). Analyzing inclusions this small is currently beyond the capabilities of this method, but

may become possible with further development.

A related scenario involving inheritance of older zircon which had been held at higher
metamorphic temperatures may also be useful to consider. Approximately 15% of zircons dated from the
granite of Butler Peak by Barth et al. (2016) were ca. 1.0-1.2 Ga grains inherited from Precambrian country
rock, and a further 20% were inherited Mesozoic grains. The presence of a significant minority of inherited
zircons in the granite of Butler Peak is also corroborated by Bell et al. (2022). By contrast, inherited zircon
is rarer in the La Posta unit (Kirkpatrick et al., 2020). If inherited zircons were mantled by other accessory
phases as inclusions, we could envision a scenario where they were held at higher temperatures for longer
periods of time. For residence in the lower crust at high geothermal gradient (following Shankland and
Ander, 1983), we redo the calculations for residence at 900°C for 1 Ga. In this case, we calculate
characteristic diffusion lengths of ca. 14, 8, and 1 um for Yb, Dy, and Sm respectively. While earlier results
for c-perpendicular diffusion (Cherniak and Watson, 2007) would suggest a characteristic length of 0.1 um
for Ti, the characteristic distance for c-parallel diffusion (Bloch et al., 2022) would be hundreds of um. For

5-40 um zircon grains like these inclusions, 1 Ga residence at high-temperature metamorphic conditions
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might indeed impart significant diffusion of the REE and Ti. This is probably unrealistic in most continental
settings, especially in the depressed geothermal gradients typically associated with arcs (e.g., Shankland
and Ander, 1983). More specific predictions would require modeling for specific zircon geometries,
timescales, and thermal conditions (e.g., Bloch et al., 2022). Based on these considerations, we assume
that the high Ti, Fe, P, and LREE in most of our inclusions are indeed due to analytical contamination rather
than diffusion, particularly for those which appear to fit into the magmatic evolution trends of their
respective neo-grown free zircon populations. There is however some possibility for REE and Ti mobility

of inherited Precambrian micro-zircon in the granite of Butler Peak.

Supplementing the magma compositional evolution record

5-40 um zircon included in magnetite and ilmenite which display apparently primary LREE-I tend
to show multiple markers of deriving from the less evolved portion of the zircon crystallization history
displayed by the larger, freely picked zircon in the same rocks (see Figs. 6, 7). On average they are lower
in Hf and Yb/Gd and higher in Th/U than their larger counterparts, which are typical of zircon crystallized
earlier in less evolved melt (e.g., Claiborne et al., 2010). They plausibly fit into the evolution histories
outlined by larger free zircon in their host rocks, although the simpler evolution suggested by La Posta

zircons provides easier interpretations than the more complex patterns of Butler Peak zircons.

La Posta:

Micro-zircon inclusions in oxide and phosphate hosts of the La Posta muscovite-biotite granite
range in their LREE-I, but those with apparently primary magmatic chemistry are very similar in trace
element trend behavior to the larger, non-included zircon picked from mineral separates by Bell and
Kirkpatrick (2021). They display the expected (e.g. Claiborne et al., 2010) decreases in Th/U and Eu/Eu*

and increase in U/Yb with Hf. The inclusions showing LREE-I > 30 fit well into the distribution defined by
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the larger, free zircons. They are slightly higher in U/Yb compared to the free zircon, but this effect is not

significant considering error.

The clustering of ilmenite-hosted zircon toward the low-Hf end of the range for larger zircons is
mirrored by the ilmenite-hosted zircons’ lower Yb/Gd and higher Th/U and appears to suggest their
crystallization on average in the less evolved melt than reflected by the majority of zircon crystallization
in this granite. Only one zircon each that is hosted in apatite and monazite appears to have magmatic
chemistry based on LREE-I, but these also fall toward the lower-Hf end of the free zircon distribution.
Their slope in Eu/Eu* and Th/U vs Hf may be helpful for better understanding the trace element behavior
of zircon in less evolved melts or the early histories of zircon crystallization in granite. For example, the
characteristic decrease in zircon Th/U with increasing Hf is absent in some mafic-intermediate units from
the Western Zone of the Peninsular Ranges Batholith (Bell and Kirkpatrick, 2021), which the authors
speculate may be due to either particular minerals which fractionate Th from U not coexisting with zircon
in these melts or saturating too late to affect the earlier portion of zircon crystallization histories.
Alternatively, since fluid saturation level or fluid loss during crystallization can also affect Th/U
fractionation (e.g., Keppler and Wyllie, 1991), these different Th/U behaviors during melt evolution might
relate to fluid saturation levels in the host magma. By contrast to the zircons with >10,000ppm Hf, which
show a shallow negative trend between Th/U and Hf, below 10,000ppm Hf the zircon Th/U value increase
precipitously with decreasing Hf. In the context of the higher-Hf zircon they appear to form a concave-up
curve, but if only the lowest-Hf zircon were available to measure the trend may not be clear, much like
that for the intermediate Western Zone magmas (Bell and Kirkpatrick, 2021). This may suggest that a
muddled relationship between Th/U and Hf may indeed be characteristic of early stages of melt evolution
—even in more evolved granitoids like this relatively silicic peraluminous granite. In these more evolved
silicic melts, the earliest stages of melt evolution will likely be most accessible with micro-zircon inclusions

captured by other phases early in the melt history, while other small growing zircon crystals are
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subsequently armored by more zircon, often disguising or hiding the signature of the earlier-formed core
material. The latter is especially true when there is no clear cathodoluminescence evidence for earlier

cores mantled by later comagmatic zircon.

Butler Peak:

Free zircons in the granite of Butler Peak display a more complex evolution potentially involving
magma mixing, along with a significant population of inherited zircons, as outlined above. Two lower-Hf
groups derived from less evolved melts yield contrasting high-P and low-P zircon (with a cutoff defined
~200ppm). A smaller high-Hf group of zircon probably represents more evolved melt, and these grains
also show higher P >200ppm. P content in zircon is partially a function of melt ASI (Burnham and Berry,
2017), given the higher P contents in peraluminous melts (ASI > 1) due to the suppression of apatite
saturation (Pichavant et al., 1992). While zircon P contents >750 ppm are nearly always a marker for
origins in an S-type granite (Zhu et al., 2020), many peraluminous granites do yield zircon with lower P
contents (Burnham and Berry, 2017). The significance of < 200 ppm vs 200-500 ppm P in the two Butler
Peak zircon groups is not entirely clear from a melt ASI perspective. The granite of Butler Peak is
peraluminous enough to have crystallized primary muscovite (e.g., Barth et al., 2016), and one primary
muscovite inclusion is identified in both zircon and ilmenite hosts in the rock (Bell et al., 2022; see also
Table S2), but given the rarity of muscovite inclusions in zircon the melt ASI throughout the window of
zircon crystallization is not entirely clear. The combination of higher Eu/Eu* and higher U/Yb in the low-
P group (Fig. 4d) suggests that the high- and low-P zircon groups do not fall on the same shallow magmatic
fractionation trend (Bell and Kirkpatrick, 2021). Following the discussion of Bell and Kirkpatrick (2021),
magmatic fractionation at a relatively shallow level (i.e., garnet absent) should produce a negative
relationship between U/Yb and Eu/Eu* as observed in the La Posta zircons studied here (e.g., Fig. 6f) and
as suggested by most high-P zircon in the granite of Butler Peak (e.g., Fig. 7f). Assimilation of sediments

or similarly low-U/Yb materials will also tend to yield magmatic evolution similar to shallow fractionation
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in U/Yb vs Eu/Eu* (Bell and Kirkpatrick, 2021). Sediment assimilation would also lead to higher ASI, which
might be consistent with the higher zircon P (although both metaluminous and peraluminous melts can
lead to zircons with this range of P contents; Zhu et al., 2020). This would suggest that the high-P and
high-Hf zircons are more consistent with growth in a magma like the present Butler Peak unit. Sediment
assimilation would however in most cases be at odds with the higher redox displayed by the high-P group
compared to the other free zircons (Fig. 4b), given the ubiquity of organic carbon in many sediments which
typically leads to lower oxygen fugacity. The high-P group may then be more likely to simply represent
shallow peraluminous magma, with either little sediment assimilation or only assimilation of carbon-poor
sediments. The low-P zircons mostly falling at both higher U/Yb and Eu/Eu* may suggest their derivation
from either deeper or more water-rich sources (through the suppression of plagioclase crystallization).
Because Th/Yb responds similarly to U/Yb for depth but lacks the response to magmatic water (which
owes to U’s redox behavior; Langmuir, 1978; Sverjensky and Lee, 2010), the similar behavior of Th/Yb vs
Eu/Eu* (see Fig. S4) suggests that this effect is related to depth. We focused on U/Yb for the main text
given the co-crystallization of monazite with zircon in both studied granites, which can complicate the
Th/Yb vs Eu/Eu* relationship (Bell and Kirkpatrick, 2021). Finally, the high-Hf zircon group is intermediate
between the low-P and high-P groups in U/Yb and Th/Yb (Figs. 7, S4) and appears consistent with mixing
between the two less-evolved magmas represented by the high- and low-P groups. This interpretation is
also consistent with Barth et al. (2016)’s model for the mixed, more isotopically homogeneous melts

represented by the higher-Hf zircons in units at the core of the Big Bear Lake Intrusive Suite.

Many micro-zircon inclusions in magnetite and ilmenite fall at lower U/Yb and higher P and are
largely consistent with the high-P group of free zircons. However, they fall on average at higher Eu/Eu*,
which may suggest they do preferentially draw from the earlier history of the high-P melt. Several
inclusions in magnetite (and one hosted in ilmenite) fall at higher Eu/Eu* and U/Yb and would be

consistent on this basis with either the low-P neo-grown zircons or many of the inherited zircons which
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share this chemistry. Most of the inclusions have >200ppm P, unlike the low-P group, and so may be more
likely to be inherited. However, they have lower Yb/Gd than the majority of the inherited free zircon.
Given that the inclusions tend to fall toward both lower Yb/Gd and higher Th/U than free zircon, this could
reflect growth in less evolved melts than the other inherited grains. If these inclusions are inherited zircon,
whether their host magnetite and ilmenite are also inherited presents an interesting question: peritectic
phase entrainment may be an important magmatic evolution process and may involve ilmenite in
particular (e.g., Villaros et al., 2009; Stevens et al., 2007). It is possible that studies of micro-zircon

inclusions in oxides could help to elucidate this process on a grain-by-grain basis.

Further implications for magmatic zircon studies

In Bell et al.’s (2019) survey of alteration chemistry in zircon from Neoproterozoic to Cenozoic
granitoids that have undergone varying degrees of hydrothermal circulation or metamorphism following
emplacement, they compared the REE pattern in zircon as quantified by the LREE-l to common
contaminant species (Mg, Mn, Fe, Ti, P) in an effort to recommend “cutoff” values for altered (low LREE-
[) vs unaltered, primary chemistry (high LREE-1). While zircon from some highly altered granites (Bell et
al., 2019) and the Jack Hills metasediments (Bell et al., 2016) show strong relationships between LREE-I
and species related to contamination by secondary phosphates and Fe-Ti oxides, many granitoid zircons
show no clear relationship between LREE-I and light element contaminants or P. A handful of zircons
within each of the studied rocks, for instance, displayed outlier high Ti contents but otherwise
unproblematic LREE-I. The authors speculated that this was due to contamination by consumption of
micro-oxide inclusions during ion probe analysis. This idea is borne out by data from our magnetite- and
ilmenite-hosted zircon, which may display high LREE-I and REE-Hf-Th-U chemistry very similar to trends in
the larger free zircon picked from the mineral separate but nearly always display geologically
unreasonable Fe, Mn, and Ti contents. It may be feasible in future studies to use the REE-Hf-Th-U data

for such analyses — where they appear reasonably similar to non-contaminated analyses — and forego
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using only the contaminated Ti for geological interpretations. Similarly, for apatite- and monazite-hosted
zircon with accompanying low LREE-I, it may be feasible to provisionally interpret Ti temperatures if the
Tiand Fe contents of the analyses appear reasonable compared to other zircons in the population at hand.
In this way some additional data can be extracted from zircon trace element datasets, even if interpreted

only provisionally.

Another interesting question that remains outstanding is how common micro-zircon inclusions
are in magmatic minerals. Apatite inclusions, for instance, will consistently occur in the margins of major
and accessory mineral phases likely due to the ‘pileup’ of slow-diffusing phosphate complexes against
growing mineral surfaces in silicate melts (e.g. Green and Watson, 1982; Harrison and Watson, 1984). The
higher diffusivity of Zr compared to P,Os in hydrous magmas (Zhang et al., 2010) probably inhibits the
pileup effect for zircon in most silicate magmas. Relatively low Ti-in-zircon crystallization temperatures
for free zircon and high-LREE-I monazite- and apatite-hosted zircon in these two units suggest high melt
water contents, further suggesting that Zr ‘pileup’ is less likely to be the cause of the widespread zircon
inclusions. The zircon inclusions in the La Posta and Butler Peak granites also tend to lack the regular host
face-parallel orientations of apatite inclusions inferred to form by pileup (e.g., Green and Watson, 1982;

Harrison and Watson, 1984).

In contrast to the origins of zircon inclusions in these two granites, it might be possible to create
widespread micro-zircon inclusions in drier melts that do incur a ‘pileup effect’ for Zr against growing
mineral faces. In addition to lower Zr diffusivity due to lower melt water contents, Zr pileup and zircon
capture could also be promoted by much faster phenocryst growth rates relative to Zr diffusion. It may
be that zircon is a more common inclusion phase in other accessory (or major) minerals in, for instance,
volcanic rocks due to lower water contents or fast growth of phenocrysts. If so, then investigations of
micro-zircon inclusions by ion microprobe may form an important part of lava chemical evolution studies

in the future.
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Conclusions

Analysis of micro-zircon inclusions can supplement the record of magmatic evolution available in
larger zircon picked from mineral separates. We document two case studies of zircon-rich Fe-Ti oxides
and phosphate minerals in highly silicic granites and show that apart from structural constituents of host
phases, trace element measurements on >5 um zircon hosted by oxide and phosphate minerals can yield
interpretable chemical evolution patterns when analyzed using the Hyperion-Il ion source. More stringent
filtering of host material necessary for measuring host structural constituents at trace level in the zircon
inclusions may yet be possible, but may not be compatible with simultaneous measurement of lower-

abundance trace elements such as LREE and Eu.

In one case (La Posta), the relatively simple chemical evolution suggested by larger free zircon from the
mineral separate is enhanced by the majority early-forming zircon inclusions, fleshing out the less evolved
portion of magmatic compositional evolution. In a second case (Butler Peak), the free zircon represent a
more complex history with a) magma mixing between a shallowly fractionating higher-P melt and a deeper
(based on U/Yb) low-P melt, and b) inheritance of zircon which appears to be mainly high-U/Yb and high-
Eu/Eu*. The zircon inclusions fall mainly in the apparently shallow high-P zircon group, at higher average
Eu/Eu* consistent with deriving from less-evolved melts. Some oxide-hosted grains fall into the higher-
U/Yb chemistry, and their trace element patterns are overall more consistent with inheritance. Further
refinement of the technique may allow more probing of elements at trace level in zircon but more
abundant in the host — as shown by several magnetite-hosted zircons with <10 ppm Ti and only mildly
elevated Fe along with monazite- and apatite-hosted zircons displaying LREE-I values suggestive of

primary magmatic chemistry.
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Table Captions:

Sample Host Length Width Host Field Other Notes
(um) (um) Overlap? aperture
width (um)

La Posta Muscovite-Biotite Granite
Lp6ilm-1.1z1 | Sphene 10 20 No 3000 High Ti-Fe, altered

(mantling LREE-I

ilmenite)
Lp6ilm- Sphene 15 20 No 2000 High Ti-Fe, good
1.122@1 (mantles LREE-I

ilmenite)
Lp6ilm- Sphene 15 20 Completely | 1000 High Ti-Fe, altered
1.122@2 (mantles off LREE-I

ilmenite)
Lp6ilm- Sphene 15 20 No 1000 High Ti-Fe, good
1.122@3 (mantles LREE-I

ilmenite)
Lp6ilm- limenite 10 20 Slight 1000 High Ti-Fe, good
1.1921@1 LREE-I
Lp6ilm- lImenite 10 20 No 1000 High Ti-Fe, good
1.1921@2 LREE-I
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Lp6ilm- lImenite 10 20 Slight 1000 Hi Ti, lo Fe, good

1.1921@3 LREE-I

Lp6ilm- lImenite 10 25 No 1000 High Ti-Fe, altered

1.31z21@1 LREE-I

Lp6ilm- limenite 10 25 No 1000 High Ti-Fe, good

1.31z21@2 LREE-I

Lp6ilm- limenite 10 20 Slight 1000 High Ti-Fe, good

3.10z21@1 LREE-I

Lp6ilm- lImenite 10 20 No? 1000 High Ti-Fe, good

3.10z21@2 LREE-I

Lp6mon- Monazite 10 10 Slight 1000 Low Ti-Fe, altered

1.9z1 LREE-I

Lp6mon- Monazite 8 15 No 1000 Low Ti-Fe, altered

1.10z1@1 LREE-I

2lpémon- Monazite 8 15 Slight 1000 Low Ti-Fe, altered

1.10z1@2 LREE-I

Lpémon- Monazite 15 20 No 2000 Low-Ti-Fe, good

1.1121@1 LREE-I

Ipémon- Monazite 15 20 No 1000 Low Ti-Fe, altered

1.11z21@2 LREE-I

Lp6mon- Monazite 15 25 No 1000 Low Ti-Fe, altered

2.3z1 LREE-I

Lp6ap-1.15z1 | Apatite 8 8 Yes 1000 Low Ti-Fe, altered
LREE-I

Lp6ap-1.27z1 | Apatite 6 15 Yes 1000 High Ti-Fe, altered
LREE-I

Lp6ap-2.1z1 Apatite 5 15 Yes 1000 Low Ti-Fe, altered
LREE-I

Lp6ap-2.36z1 | Apatite 10 15 No 1000 Low Ti-Fe, good
LREE-I

Butler Peak Granite

Bbacc-1.18 z1 | magnetite 10 40 yes 3000 High Ti-Fe, good

@1 LREE-I

Bbacc-1.18 z1 | magnetite 10 40 yes 2000 High Ti-Fe, altered

@2 LREE-I

Bbacc-1.18 z1 | magnetite 10 40 yes 2000 High Ti-Fe, altered

@3 LREE-I

Bbacc-1.20 z1 | magnetite 10 15 slight 3000 High Ti-Fe, good

@1 LREE-I

Bbacc-1.20 z1 | magnetite 10 15 slight 2000 High Ti-Fe, good

@2 LREE-I

Bbacc-1.21 z1 | magnetite 10 10 No 2000 High Fe, good LREE-I

@1

Bbacc-1.2 z1 magnetite 10 20 No 5000 High Ti-Fe, altered

@1 LREE-I

Bbacc-1.2 z1 magnetite 10 20 slight 3000 High Ti-Fe, altered

@2 LREE-I

Bbacc-1.2 z1 Magnetite 10 20 slight 3000 Low Ti-Fe, altered

@2, 12 LREE-I

cycles
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Bbacc-1.2 z2 Magnetite 10 10 No 3000 High Ti-Fe, good
@1 LREE-I

Bbacc-3.2 z1 Magnetite 15 20 No 3000 Low Ti-Fe, good
@1 LREE-I

Bbacc-3.2 z1 Magnetite 15 20 Slight 5000 High Fe, altered
@1 LREE-I

bb14c-ilm- limenite 8 15 Slight 650 High Ti-Fe, good
1.13z21@1 LREE-I

bbl4c-ilm- lImenite 8 15 Yes 1000 High Ti-Fe, altered
1.13z1@2 LREE-I

Bb14c-ilm- lImenite 8 8 Slight 1000 High Ti-Fe, good
21421 @1 LREE-I

Bb14c-ilm- lImenite 10 50 Slight 2000 High Ti-Fe, good
2.24:1 @1 LREE-I

Bb14c-ilm- llmenite 10 25 Yes 2000 High Ti-Fe, altered
2.24 21 @2 LREE-I

Bb14c-ilm- limenite 10 30 Slight 2000 High Ti-Fe, good
2.27 21 @1 LREE-I

Bb14c-ilm- lImenite 15 25 No 1000 High Ti-Fe, good
2.30z1 @1 LREE-I

Bb14c-ilm- lImenite 15 25 No 2000 High Ti-Fe, altered
2.30z1 @2 LREE-I

Bb14c-ilm- lImenite 15 25 No 1000 High Ti, good LREE-I
2.30z1 @3

Bb14c-ilm-5.6 | lImenite 15 25 No 1000 High Ti, good LREE-I
z1 @1

Bb14c-ilm-5.6 | lImenite 15 25 Slight 700 High Ti-Fe, good
21 @2 LREE-I
Bb14c-ilm-5.6 | lImenite 10 20 No 1000 High Ti-Fe, altered
22 @1 LREE-I
bbl4c-mon- Monazite 5 20 No 1000 High Ti-Fe, altered
3.5z21@1 LREE-I
bbl4c-mon- Monazite 6 10 Yes 1000 Low Ti-Fe, altered
3.22z1@1 LREE-I
bb14c-mon- Monazite 15 25 Yes 5000 Low Ti-Fe, altered
4.7 21@1 LREE-I
bb14c-mon- Monazite 15 25 Yes 1000 Low Ti-Fe, altered
4.7 21@2 LREE-I

543

544  Table 1: List of included zircons analyzed for this study along with host phase, size, and degree of spot
545 overlap (if any) with host phase. “Slight” overlap is defined as an off-center part of the shallow, trailing

546 end of the analysis pit overlapping with the host.

547

548
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Figure Captions
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Figure 1: Map with schematic outlines of southern California batholiths, with sample locations indicated.
Associated metamorphic and sedimentary rocks within batholiths not included. SGM: San Gabriel
Mountains; SBM: San Bernardino Mountains; LSBM: Little San Bernardino Mountains; PRB: Peninsular

Ranges Batholith. Modified from Jennings and Gutierrez (2010).



555

556

557

558

559

560

Bell & Kirkpatrick/micro-zircon 28

La Posta
La Posta apatite 2.36

apatite 2.1

Butler Peak Butler Peak
ilmenite 2.30 : ; . ilmenite 5.6

Figure 2: Backscattered electron (BSE) images taken after SIMS analysis for several example analytical
spots. Gold coat has not yet been removed from the mount surfaces, allowing the footprint of the
presputtering raster (larger box) to be seen along with the analysis crater. A) & B) zircon in apatite from
the La Posta muscovite-biotite granite; C) &D) zircon in ilmenite from the granite of Butler Peak. Several

test spots and analytical spots on apatite hosts are also shown.
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La Posta Muscovite-Biotite Granite
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Figure 3: Measured light element concentrations or ratios to 3°Si for La Posta zircons vs LREE-I. Proposed
alteration cutoffs of 30 (Bell et al., 2016) and 60 (Bell et al., 2019) are shown. We consider LREE-I < 30 to
be an “altered” signature for this study. For inclusions, major constituents of the host contaminate all
zircon inclusion analyses even when physical beam overlap is not noted in electron imagery. However,

minor and trace constituents of the host pose little problem. Error bars are 1c.
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Granite of Butler Peak
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Bell & Kirkpatrick/micro-zircon

30

4: Free zircon in the granite of Butler Peak are classified by whether they are inherited or neo-

grown magmatic grains, and the latter are classified into three geochemical groups defined in panel A.

They exhibit a complex chemistry likely involving mixing between less evolved melts represented by the

high-P and low-P groups, which then homogenized to yield the high-Hf group. Error bars are 1c.
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Figure 5: Measured light element concentrations or ratios to 3°Si for Butler Peak zircons vs LREE-I.
Proposed alteration cutoffs of 30 (Bell et al., 2016) and 60 (Bell et al., 2019) are shown. We consider LREE-
| < 30 to be an “altered” signature for this study. For inclusions, major constituents of the host

contaminate all zircon inclusion analyses even when physical beam overlap is not noted in electron

imagery. However, minor constituents of the host pose little problem. Error bars are 1c.

La Posta Muscovite-Biotite Granite
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Figure 6: Various magmatic zircon trace element ratios that typically vary during shallow fractionation

plotted for the La Posta muscovite-biotite unit zircons. Legend in panel D applies for all panels. Error bars

are lo.
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plotted for the Butler Peak zircons. Legend in panel D applies for all panels. Error bars are 1c.
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Figure 7: Various magmatic zircon trace element ratios that typically vary during shallow fractionation





