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Introduction

The use of zircon for many geologic applications derives 
from its incorporation of natural radionuclides (U, Th, and 
Hf) and trace elements that are indicative of the growth con-
ditions and/or relating to reactions (Cherniak and Watson 
2003; Kinny and Maas 2003), rejection of Pb, low solubil-
ity in crustal melts and fluids (Harrison and Watson 1983; 
Watson and Harrison 1983; Watson 1996b; Szymanowski 
et al. 2020), and the slow diffusivities of its constituent ions 
(Cherniak et al. 1997a, b; Bloch et al. 2022). The typical 
size of zircon (~ 100s of microns), together with its resis-
tance to chemical and physical breakdown in most geologi-
cal environments, make it a unique tracer of the protracted 
history of Earth. During crustal anatexis and/or assimila-
tion, complete zircon dissolution is rarely reached, as is tes-
tified by the preservation of inherited zircon cores granites 
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Abstract
Mechanisms relating to growth and/or compositional modification of zircon occur at the atomic scale. For felsic igneous 
systems, processes responsible for growth patterns in zircon have previously remained elusive as the volume of material 
needed to analyze these compositional features using traditional in-situ methods is considerably larger than the typical 
sub-micron scale distribution of trace elements. To illuminate some of these driving forces, we characterize and quantify 
minor and trace element concentrations in igneous zircon grains by combining methods of cathodoluminescence (CL) 
imaging, electron microprobe microanalysis (EMPA) elemental maps for Hf, Y, Yb and U or Th, and atom probe tomog-
raphy (APT). We focus on igneous zircon from the Chon Aike Silicic Large Igneous Province (Patagonia) that provide 
novel insights into (1) dissolution and re-crystallization during crustal anatexis, (2) crystallization to produce oscillatory 
zonation patterns that are typical of igneous zircons, and (3) the incorporation of trace element impurities (e.g., P, Be, 
and Al) at the nanoscale. Significantly, these APT volumes provide nanoscale sampling of boundaries between oscilla-
tory growth zones in an igneous zircon to reveal compositional zoning of Y and, to a lesser extent P, which appear as 
high-angle, planar features. These concentration boundaries measured on the order of 10 to 12 nm are difficult to recon-
cile with proposed mechanisms for generating fine-scaled oscillations. Lastly, we fit diffusional profiles to measured Y 
concentrations to provide an estimate on the maximum timescales of zircon growth prior to eruption, as a function of the 
temperature at which diffusion occurred. When combined with known pressure-temperature-time paths for the magmatic 
system considered, these extremely short diffusion profiles that are resolvable by APT provide a powerful method to 
constrain timescales of crystal growth.
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and granitoids with a crustal component (e.g., Miller et al. 
2007; Bea et al. 2007), and by multiple age domains from 
high-grade poly metamorphic rocks, including granulite 
facies (e.g., Möller et al. 2003; Rubatto et al. 2013; O’Brien 
and Miller 2014; Kunz et al. 2018). Although ideal zircon 
(ZrSiO4) is stable under crustal and upper-mantle conditions, 
observations indicate that primary zircon is not always in 
equilibrium with its surrounding environment. In this study, 
the preservation of inherited zircon in the felsic volcanic 
rocks from the Patagonian Chon Aike Silicic Large Igneous 
Province provide an opportunity to study the dynamic crys-
tallization environment for detrital zircon grains that were 
incorporated into felsic melts generated during crustal ana-
texis of metasedimentary lithologies (Foley et al. 2023a, b).

Atom Probe Tomography (APT) is a 3-dimensional ana-
lytical technique that provides the chemical composition 
and position of each detected ion within a small volume of 
analyzed material (e.g., < 0.02 µm3), which is used to visu-
alize and quantify chemical variations at sub-micrometer 
scales (Valley et al. 2014, 2015; Saxey et al. 2018; Reddy 
et al. 2020). Recent APT studies on zircon have highlighted 
the importance of this technique for understanding elemen-
tal and isotopic distribution at the nanometer scale, in terms 
of providing information about crystallization and thermal 
histories, as well as for identifying mechanisms of mineral 
reaction and exchange (e.g., Fougerouse et al. 2024). Stud-
ies on deformed (e.g., Piazolo et al. 2016; Reddy et al. 2016; 
La Fontaine et al. 2017) and/or metamorphosed zircon (e.g., 
Peterman et al. 2019; Taylor et al. 2023) have demonstrated 
the potential for trace element mobility and/or clustering 
when grains are subjected to sustained high-temperature and 
pressure stresses. Furthermore, identifying the mechanisms 
of intracrystalline Pb mobility in zircon has been significant 
for understanding discordance in the U-Pb system (e.g., Val-
ley et al. 2014; Valley et al. 2015; Peterman et al. 2016).

Nanoscopic research directed at characterizing pro-
cesses related to dissolution and growth of igneous zircon 
has received little attention. Here, we combine cathodolu-
minescence (CL) imaging and electron microprobe analy-
sis (EMPA) trace element maps that provide information 
about the microscopic trace element distribution within 
the zircon with APT to trace the distribution of elements 
and characterize the nanoscale structure and chemistry of 
complex core-rim interface domains between an inherited 
core and the younger autocrystic overgrowth. We targeted 
inherited zircon cores to test for compositional modifica-
tions and/or alteration due to thermal perturbations dur-
ing crustal anatexis. Within these grains, it is common to 
observe variable dissolution textures preserved within zir-
con crystals; therefore, APT of such crystals may reveal 
compositional information pertaining to the melt both prior 
to and after dissolution within these overgrowth domains. 

Lastly, oscillatory growth zones are observed in most igne-
ous zircon (Hoskins and Schaltegger 2003), indicating that 
there are common driving forces controlling the trace ele-
ment distribution during zircon growth from a felsic melt. 
However, constraining the processes responsible for growth 
patterns has remained elusive, as the volume of material 
needed to analyze these compositional features is consider-
ably larger than the typical sub-micron scale distribution of 
trace elements. Here, we analyze portions of an autocrys-
tic zircon domain characterized by fine-scaled oscillatory 
growth zones by APT that reveal near stepwise concentra-
tion gradients between growth zones on the order of nano-
meters. We also use Y concentration profiles and diffusion 
modeling to estimate the timescale of autocrystic zircon 
growth prior to eruption.

Geologic background and prior sample 
characterization

The Chon Aike Silicic Large Igneous Province (CASP) con-
sists of an estimated 235,000 km3 of predominately felsic 
volcanic rocks distributed throughout Patagonia and the 
Antarctic Peninsula (Pankhurst et al. 1998) (Fig. 1). Geo-
chronological studies indicate that volcanism occurred over 
45 Myr, incipient to the break-up of the Gondwanan super-
continent throughout the Jurassic (Pankhurst et al. 2000; 
Foley et al. 2024). Field, geochemical, and isotope evidence 
support a crustal origin for the felsic magmas of the CASP 
(Gust et al. 1989 Pankhurst and Rapela 1995; Pankhurst et 
al. 1998; Riley et al. 2001; Seitz et al. 2018; Foley et al. 
2023a, b). The El Quemado Complex (EQC) is the young-
est eruptive episode of the CASP at ca. 148 to 152 Ma 
and is characterized by rhyolitic and dacitic ignimbrites. 
Elevated δ18O values measured in quartz and zircon and 
non-radiogenic zircon Hf isotope values require > 70% of 
the EQC magmas to be derived from partial melting of the 
local metasedimentary basement rocks (Foley et al. 2023a, 
b). Further evidence for metasediments as the source of the 
EQC magmas is supported by the preservation of inherited 
zircon cores that were derived from incorporation of detrital 
zircon grains during anatexis (Fig. 2).

We focus on a dacitic ignimbrite from the El Chaltén 
region of Argentina, which hosted numerous inherited 
zircon cores (Fig. 2). The zircon of ignimbrite sample 
LCMF14 were previously analyzed for U-Pb, initial εHf, 
and trace element concentrations by laser ablation-induc-
tively coupled-mass spectrometry (LA-ICP-MS) methods 
and δ18O composition by secondary ion mass spectrometry 
(SIMS; Foley et al. 2023a). The LCMF14 zircon population 
has 18O-enriched compositions ranging from 8.5 to 10.0‰ 
and negative initial εHf values of -4.7 to -9.8. Trace element 
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analyses of the Jurassic domains by LA-ICP-MS yield aver-
age concentrations of 10,700 ppm for Hf, 1250 ppm for Y, 
375 ppm for Yb, 110 ppm for Th, and 190 ppm for U.

Inherited cores were identified based on distinct changes 
in cathodoluminescence (CL) textures (Fig. 2), wherein 

growth surfaces are often truncated by dissolution surfaces 
that are then overgrown by euhedral growth zones that 
exhibit oscillatory zoning. Inherited cores have a range of 
CL patterns from homogeneous in greyscale value to having 
oscillatory zonation – though they are commonly texturally 

Fig. 2 Four zircon grains selected from an ignimbrite from the Los 
Cóndores section (LCMF14) illustrating Late Jurassic-aged magmatic 
zircons overgrowths with inherited zircon grains of various age. In all 
cases, the autocrystic domain and inherited core display CL textures 
of primarily oscillatory zonation are identified here as primary struc-
tures and interpreted as indicating magmatic growth. We designate 

growth events within the cores (i.e., C1, C2, C3) based on changes in 
Hf concentrations as observed in the EMPA elemental maps in Fig. 3. 
Overgrowth structures occur at the contact between the inherited and 
autocrystic zircon domain and are observed as irregular surfaces with 
typically a homogeneous CL greyscale intensity. U-Pb analyses are 
indicated with a blue circle and Lu-Hf analyses in purple

 

Fig. 1 Simplified geologic map of 
the Chon Aike Silicic Large Igne-
ous Province in southern Patago-
nia of South America, with felsic 
volcanic outcrops illustrated in 
grey and mafic to intermediate 
outcrops in black. Zircon grains 
from this study sourced are from 
a dacitic ignimbrite from the El 
Quemado Complex sampled in El 
Chaltén, Argentina (green star)
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acquired using an accelerating voltage of 10 kV and absorp-
tion current ranging from ~ 400 to 700 pA.

Electron microprobe analysis

EMPA elemental maps of four zircon grains were obtained 
using a JEOL JXA-8530 F Plus Hyperprobe equipped with 
a Field Emission Gun (FEG) at the University of Lausanne, 
Switzerland. Three of the FEG-EMPA elemental maps were 
analyzed for Na (TAPL, Kα), Hf (LIFL, Lα), Y (PETJ, Lα), 
Yb (LIFL, Lα-MR), and U (PETL-Mβ-MR). The fourth 
map was analyzed for concentrations of Na, Hf, Y, Yb, and 
Th (PETL, Mα). Elemental maps were performed using an 
accelerating voltage of 25 kV, beam current of 4.5 × 10− 7 A, 
and dwell time of 300 ms per pixel. The pixel size was set 
to 1 × 1 μm. Final elemental maps ranged in area from 7500 
to 21,000 µm2 (Fig. 3). Maps for Na concentrations and an 
additional EMPA map are provided in the supplementary 
material (SF1-2).

distinct from the autocrystic domains. Here, we selected 
four zircon grains from sample LCMF14 for trace element 
analysis by EMPA. In all instances, Jurassic-aged autocrys-
tic rims precipitated onto older inherited zircon (Fig. 2) 
with ages that ranged from the youngest at 246 ± 4 Ma 
(206Pb/238U) to the oldest age of 971 ± 19 Ma (207Pb/206Pb). 
One grain was also previously analyzed for Hf isotope val-
ues where the Jurassic rim has a value of -5.9 εHf(149 Ma) 
and the inherited core has a value of -1.0 εHf(971 Ma). Two 
zircon grains were selected for high-resolution investigation 
by APT based on textures observed in CL and concordant 
U-Pb dates (Zr9 and Zr18; Fig. 2).

Methods

Scanning electron microscopy – 
cathodoluminescence imaging

Zircon grains were imaged on a scanning electron micro-
scope (SEM) with CL using a CamScan MV2300 SEM at 
the University of Lausanne (Switzerland). CL images were 

Fig. 3 Electron Microprobe 
(EMPA) trace element maps 
of four zircon reveal distinct 
zoning patterns for measured 
concentrations of Hafnium (Hf), 
Yttrium (Y), Ytterbium (Yb), and 
Uranium (U) or Thorium (Th). 
Major changes in CL intensity 
often mirror the distribution of 
Hf, while variations in Y and Yb 
are more generally correlated 
to fine-scaled features within 
the zircon crystal. Changes in U 
concentrations are only observed 
in two zircons and correspond to 
the darkest CL bands (e.g., Zr28 
and Zr13). The EMPA map is 
outlined in a yellow dashed line 
on the CL image; pixel dimen-
sions are 1 × 1 μm
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image. More detailed information pertaining to the prepa-
ration of APT specimens is available in the supplementary 
materials (SF3).

Atom probe tomography

Atom probe tomography data was collected at the ETH 
ScopeM facility using a Cameca Local Electrode Atom 
Probe (LEAP) 4000X-HR equipped with a laser pulsing sys-
tem and a reflectron to enhance isotopic resolution. Locating 
the tip apex and setting the dimensions of the detector was 
performed in voltage mode. Final analyses were performed 
in laser mode, using a 355 nm-wavelength laser with a typi-
cal pulse energy of 300 pJ and 125 kHz pulse frequency to 
field evaporate the samples at ~ 50 K; additional acquisition 
and reconstruction parameters are given in ST1, following 

Focused Ion Beam – scanning electron microscopy

Atom probe specimens (M#) were prepared from three 
transects sampled from two zircon grains, Zr9 (L1) and 
Zr18 (L1 and L2; Fig. 4). In all cases, the analyzed lift-outs 
crossed an interface between the phenocryst, an overgrowth 
structure, and its inherited core.

The preparation of APT specimens was performed using 
the FEI Helios NanoLab 600i ThermoFisher Scientific 
Focused Ion Beam Scanning Electron Microscopy (FIB-
SEM) housed in the Scientific Center for Optical and Elec-
tron Microscopy (ScopeM) at ETH Zürich, Switzerland. 
The precise location for selecting specimen lift-outs was 
performed using the Maps 3.5 software (ThermoFisher Sci-
entific design), where the CL image for each zircon grain 
was georeferenced to the FIB-SEM secondary electron (SE) 

Fig. 4 Two zircon grains selected 
for Atom Probe Tomography with 
locations of FIB-SEM lift-outs 
indicated (L1, L2). A Transect 
L1 in Zr9 is extracted across the 
core-rim interface at the location 
where Yb concentrations are 
enriched. B Two transects were 
taken across the core-rim inter-
face in Zr18. Locations of APT 
specimens that ran successfully 
are indicated by filled circles 
(green, blue, or red) on the CL 
image, while white circle did not 
run. Colors of circles designate 
different portions of the zircon, 
including green for the inher-
ited zircon domain, red for the 
overgrowth structure, and blue 
for the autocrystic domain. An 
illustration of the three transects 
and corresponding specimen and 
run names is provided below 
each zircon grain; lines across the 
transect illustration indicate the 
locations between major zircon 
domains, based on CL intensity
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Within the dacitic ignimbrite sample (LCMF14), textural 
variability is observed for multiple zircon grains (Fig. 2), 
represented here by the four grains shown. Considering the 
four zircon grains presented here, the autocrystic domains 
have oscillatory zones that vary on different length scales. A 
subset of the zircon grains exhibit small-scale, finely spaced 
zones (e.g., observable resolution of ~ 1 μm) of alternating 
bright and dark CL intensity (e.g., Zr9 and Zr13; Fig. 2), 
while other zircon grains have much wider zones (e.g., 5 
to 8 μm in Zr18 and Zr28; Fig. 2). Characteristically these 
wider CL zones are thickest along the c-axis, and are finely 
spaced, perpendicular to the b-axis (010).

EMPA trace element maps

Elemental maps of Hf, Y, and Yb reveal distinct zoning pat-
terns that are shared among the zircon grains (Fig. 3). The 
CL pattern most closely resembles that of Hf concentra-
tions, though the innermost core is best mirrored in the Y 
concentration map. Changes in U counts follow the over-
growth structures in two zircons (Fig. 3B-C). No changes 
in Th counts were observed by EMPA analysis for Zr18 
(Fig. 3D). The limitation on the minimum spot size of the 
electron microscopes makes it difficult to delineate these 
trace element compositions of individual oscillatory zones 
in CL, particularly for those that are less than a few microns 
thick. This could also result from the orientation of the grain 
during analysis such that the incident electron beam was not 
directly perpendicular to the oscillation bands and results 
in blurring of the boundaries. Accordingly, the distribution 
of Y or Yb in zircon grains of Zr9, Zr28, or Zr13 are not as 
clearly revealed in the EMPA maps (Fig. 3A-C).

We interpret major changes in Hf counts as abrupt com-
positional changes to distinguish between different zircon 
crystallization events, particularly between the inherited 
core and the Jurassic magmatic event (Fig. 3). In all four 
zircons analyzed, an increase in Hf concentrations occurs 
at the interface between the two zircon cores and their rims 
(i.e., within overgrowth structures).

Compositional changes between large, uniform CL 
growth zones are observed in LCMF14-Zr18 (Fig. 3D) 
though the small-scale oscillations are not as clearly 
revealed in the EMPA maps. In Zr18, counts of Hf, Y and Yb 
are high in the darker-CL regions of the autocrystic domain 
(Fig. 3D). The intensity of greyscale does not always cor-
relate to regions that have the highest total trace element 
counts for all elements considered. This is true for Zr18, 
where the darkest CL region is linked to high Hf counts; 
changes in Hf clearly distinguish this intermediate region 
from the innermost inherited core and the autocrystic over-
growth, but shows only low to moderate counts in Y, Yb, 
and Th.

the guidelines of Blum et al. (2018). This pulse rate was 
required for the detection of masses greater than 200 Dal-
ton (mass-to-charge-state ratio). Field stabilized zircon tips 
were run at target detection rates ranging from 0.3 to 0.8 
ions/100 pulses (ST1). To maintain the target detection rate, 
the voltage was gradually increased throughout the analy-
sis. Ions were recorded on a position-sensitive detector and 
the composition was determined using time-of-flight (TOF) 
mass spectrometry, enabling the 3-D reconstruction of the 
position and composition of individual atoms (isotopes and 
species) within the specimen with a spatial resolution of 
approximately 0.3 nm.

Data reconstruction and analysis was performed using 
IVAS (Integrated Visualization and Analysis Software) ver-
sion 3.8.6 from Cameca Instruments Inc. The identification 
of each element and its respective isotope was conducted 
semi-manually (ST3). The mass resolving power for each 
dataset was greater than 1000 (full width half maximum) 
on 16O2. The bulk composition of each APT specimen was 
obtained from the mass spectrum using peak deconvolu-
tion of the isotopes based on the natural isotope abundances 
of each isotope. The calculated standard deviation of the 
bulk composition value is obtained using the square root of 
the number of background-corrected counts. User-defined 
chemical isoconcentration surfaces were used to separate 
low and high concentration volumes and to delineate local-
ized solute contents (i.e., enrichments) within the recon-
structed data and estimate their morphology and chemical 
compositions; for the isosurfaces shown in text, the grid 
parameters include a voxel size of 1 nm3 and delocalization 
of 5 nm3.

Results

SEM – CL Imaging

We separate our presentation of zircon crystallization tex-
tures observed in CL images between those that reflect pri-
mary structures (i.e., interpreted as uninterrupted rhythmic 
growth) versus overgrowth structures (i.e., interpreted as 
growth after dissolution; Fig. 2). The primary growth struc-
tures in the Jurassic-aged autocrystic zircon domains and 
its inherited core are typically observed as oscillatory zona-
tion, with subtle variations in greyscale intensities. Inherited 
cores are commonly texturally distinct from the overgrowth 
zircon domain (Fig. 2), wherein growth surfaces are often 
truncated by dissolution surfaces followed by the precipita-
tion of overgrowth structures. Overgrowth structures occur 
at the interface between the inherited and autocrystic zircon 
domains and are observed as irregular surfaces with a CL 
pattern that appear with a homogeneous greyscale intensity.
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Atom probe tomography

Fourteen APT zircon reconstructions ranged in final diam-
eters of 100 to 138 nm, with half-shank angles of 2.5 to a 
maximum 7.5° (details are provided in the ST1 and images 
in SF4). The total number of atoms registered ranged from 
25 to 90 million for each dataset (Fig. 4). The nomenclature 
for the 14 zircon specimen volumes (M#) is demonstrated 
in both Fig. 4 and Table 1. As sample Zr9 only includes one 
transect, the ‘L1’ index is dropped for ease of reading, while 
sample Zr18 includes two transects and thus we maintain 
the additional distinction of L1 and L2 for clarity through-
out the text.

The TOF spectrum of the APT specimens contains both 
single and molecular ions, with O, Si, and Zr occurring as 
major elements, Hf as a minor element, and trace element 
occurrences of Be, Al, P, Y, Yb, and U (Fig. 5, ST2). No 
peak above background could be attributed to Pb in these 
relatively young zircons. Eleven out of the 14 atom probe 
specimens displayed homogeneous distributions of the 
major, minor and trace elements. The bulk compositional 
data extracted from APT specimens is presented in Table 1. 
We note that the measured deficiency bulk O relative to 
stoichiometric O in zircon is a known artifact of APT (cf., 
Reddy et al. 2020). The primary constituents of the zircon 
crystal (Zr, Si, O and minor Hf) are homogeneously distrib-
uted in all atom probe specimens. For bulk compositions 
calculated from APT volumes, changes in trace element 
concentrations do correspond well to CL intensity locally, 
where the highest concentrations of trace elements (e.g., Yb 
and U) often match with darker CL zircon growth domains.

Primary structures

APT specimens from the Jurassic zircon domains (5 vol-
umes) are characterized by elevated trace element concen-
trations (e.g., P, Y, and Yb) relative to the inherited cores, 
and by the presence of Be atoms in all but one reconstruc-
tion (Table 1; Figs. 5c and 6). Hf values range from 1681 
to 1979 ppma (i.e., parts per million atoms), Y ranges from 
218 to 616 ppma, Yb ranges from 101 to 224 ppma, P ranges 
from 24 to 73 ppma, and Be ranges from 6 to 29 ppma. 
Note that the concentrations between the three APT speci-
mens in the Zr9-L1 transect from the Jurassic domains cut 
across zones of alternating CL greyscale intensities, where 
P, Y, Yb, and U concentrations oscillate (Table 1). This does 
not exclude additional CL-contributing elements since the 
concentrations and distribution of the REE are difficult to 
deconvolve in the APT TOF spectra due to multiple overlap-
ping complexes between 70 and 100 Dalton (Fig. 5C).

A step in Y concentration across a plane is observed in 
specimens M11 and M33 of Zr9 (Fig. 7). Both specimens 
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to 0.16 and 0.06 to 0.18 at % across the two boundaries 
(Fig. 8); to a lesser degree than observed in M11, P increases 
from 0.04 to 0.05 at % for both. Table 2 provides a compari-
son of compositional data extracted from each subvolume 
across the concentration gradient within M11 and M33. In 
both specimens, there is a slight increase in Yb and Be con-
centrations across the boundaries (Fig. 8), in comparison to 
a significant difference in concentrations measured for each 
zircon sub-volume (Table 2), excluding Hf concentrations.

are located within the Jurassic zircon domain, character-
ized by small-scale oscillatory zoning. M11 is sampled 
from the zircon domain closest to the overgrowth structure, 
thus providing a volume closest to the first autocrystic zir-
con growth. In M11, the change in Y across the boundary 
is also observed with changes in P concentrations, where Y 
concentrations increase from 0.08 to 0.12 at % (i.e., atomic 
%) and P increases from ~ 0.015 to 0.025 at %. In the M33 
specimen, Y concentration more than doubles from 0.08 

Fig. 6 Trace element reconstructions of two APT specimens from Zr18 
within the Jurassic-aged primary structure (L1-M3) and the dark-CL 
domain overgrowth structure (L2-M5) that separates the inherited core 
from the autocrystic growth domain; locations indicated by a star on 
the CL image. Only specimens from the Zr18-L1 transect contain Al. 

All specimens from Zr18 exhibit homogenous distributions of Y + P; 
most elements are also homogeneous but are not shown for simplicity 
(see SF4). Jurassic zircon domains are characterized by the presence 
of Y + P + Be

 

Fig. 5 Representative time-of-
flight mass spectrums for atom 
probe analysis of zircon. A TOF 
spectra with different peak colors 
marking the ranges used in the 
reconstruction. The location of 
the trace element peak for Al2+ is 
highlighted. B Colored peaks cor-
related to the ions and complexes 
of the major element constituents 
of zircon (ZrSiO4). C Minor and 
trace element peaks identified in 
the mass spectrum are indicated. 
The detection of elements at 
higher Dalton (e.g., mass-to-
charge-state ratio > 75) becomes 
challenging due to increasing 
complexity relating to peak 
overlaps and higher background 
counts
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grain. At the base of the sample, a zone of low Y and Be 
composition crosses at a high angle relative to the z-axis 
with concentrations of 0.03 and 0.01 at %, respectively. 
Through the specimen, Yb concentrations increase from 0.4 
to 0.6 at % at the base of the specimen. Adjacent to the M9 
specimen, M10 of the Zr9-L1 transect, Y and Be were the 
only trace elements detected, with low concentrations of 39 
ppma and 14 ppma, respectively.

Four specimens from Zr18 sample the overgrowth struc-
ture characterized by dark-CL intensity between the inher-
ited core and Jurassic domain (Fig. 4). Both specimens 
from the Zr18-L1 transect are distinct from any other zircon 
domain analyzed with a detected 27Al + + peak at 13.5 Da 
(Fig. 6). Al concentrations of the L1-M3 and L1-M4 speci-
mens are 8 and 11 ppma, respectively. Specimens L2-M3 
and L2-M4 from Zr18 likewise sampled the dark-CL over-
growth structure. Although they do not contain measurable 
Al concentrations, they resemble L1-M3 and L1-M4 in 
their Hf, P, U, and Y contents. The average concentrations 
using all four specimens from this dark-CL domain have 
Hf ranges from 2031 to 3628 ppma, P ranges from 6 to 49 
ppma, U ranges from 100 to 252 ppma, and Y ranges from 
64 to 325 ppma.

APT specimens from the inherited cores include Zr9-
M3 and Zr18-L2-HG-M2 and Zr18-L2-FTM-M2 (Fig. 4; 
Table 1). Notably, none of the reconstructions sampling 
xenocrystic cores contain Be or Al, and only the Ordovician 
core of Zr9 contains P (62 ppma). Additionally, all recon-
structions are homogeneous in their trace element distribu-
tions (SF4).

Overgrowth structures

Six APT specimens sample zircon domains close to the 
core-rim interface (i.e., overgrowth structures) between the 
inherited and autocrystic zircon domains. These include M9 
and M10 of Zr9, M3 and M4 of Zr18-L1, and M3 and M4 
of Zr18-L2.

Nanoscale planar features and regions of oriented and 
enriched elemental concentrations were only present in 
specimen M9 from Zr9 that samples an overgrowth struc-
ture (Fig. 9). This specimen has the highest concentrations 
of Y, Yb, and Be from all zircons analyzed (Table 1). The 
high Yb concentration of 539 ppma correlates with the Yb 
enrichment zone observed in the EMPA map (Figs. 3 and 
4). Relative to the z-dimension (i.e., depth into sample sur-
face), M9 contains zones of Y-enrichment and a region with 
Y- and Be-depletions that occur in a different orientation to 
the Y-enrichments (Fig. 9, SF5). Y-rich regions reach con-
centrations of 0.14 to 0.17 at %, which persist through the 
zircon volume at high angles relative to the surface of the 

Fig. 7 Trace element reconstruc-
tions of specimens M11 and 
M33 sampled from oscillatory 
growth zones in the Jurassic-aged 
zircon domain. Dashed lines 
delineate zones of high- and 
low-concentrations of Y. Changes 
in both Y + P concentrations are 
most clearly observed in the M11 
reconstruction. In M33, only 
changes in Y are clearly seen 
across the boundary; changes in 
total concentrations are measured 
within the subvolumes listed in 
Table 2 for Y + P + Yb and Be in 
M33
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materials that generally have a lower electrical conductivity 
than metals and therefore the efficiency of field evapora-
tion is reduced (Reddy et al. 2020). Consequently, elemen-
tal concentrations measured by APT and LA-ICP-MS may 
differ substantially (Table 3; see also Saxey et al. 2017). In 
this study, we rely on EMPA element maps for the µm-scale 
distribution of trace element distributions within the zircon 
grain and use APT to compare the relative concentrations 
of nanoscopic volumes and to visualize the 3-dimensional 
distribution of trace elements within these volumes.

We use cathodoluminescence imaging of zircon grains 
to provide the first indication of trace element distribution 
within the crystal structure (e.g., Hanchar and Miller 1993; 
Hoskins 2000; Hofmann et al. 2009), in addition to radiation 
and structural damage (e.g., Hanchar and Rudnick 1995; 
Nasdala et al. 2006; Anderson et al. 2020). A comparison 

Discussion

Tracing sub-micron trace element distributions

Trace element analysis using in-situ techniques (e.g., 
EMPA, LA-ICP-MS, and SIMS) often measure an average 
composition from multiple growth bands due to the beam 
size required (e.g., 10 to 30 μm) relative to the size of many 
growth features in zircon that are typically sub-micron and 
down to 10 nm measured here (Fig. 8). In comparison, 
although APT boasts both high sensitivity and excellent spa-
tial resolution, the overlap of different element peaks (i.e., 
isobaric interferences with the same mass-to-charge-state 
ratio) is still an issue for the characterization of mineral com-
positions, given a mass resolving power (MRP = M/ΔM) of 
1000, together with the challenges that arise for geological 

Fig. 8 Concentration profiles for Y, P, and Yb (Be included in M33) 
across two zircon specimens from the finely spaced oscillatory growth 
zones in the autocrystic domain of Zr9. The M11 specimen samples the 
zircon volume closest to the overgrowth structure, providing compo-
sitional data of the earliest zircon crystallized from the Jurassic melts. 
The concentration across the boundary is measured for the volume 
indicated by the M11 and M33 boxes, with the reconstruction show-
ing the concentration in Y. The lower error associated with the M33 
concentrations is due to the larger volume used for determining the 

concentration gradient across the boundary. In M11, the change in Y 
concentration is shown by an increase from 0.08 at % to 0.12 at % 
(Box 1), whereas Y increases from 0.08 to 0.16 at % along the lon-
gest boundary in the M33 specimen (Box 2), and from 0.06 to 0.18 at 
% along the smaller boundary (Box 3). All three boundaries show a 
general increase in P relative to the change in Y concentrations (high-
lighted in yellow); this is also observed for Be in M33. There is a 
gradual change in Yb across the boundary in M11 and the Box 3 of 
M33, however, no change is observed in Box 2
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between CL and EMPA trace elemental maps show that CL 
greyscale intensity does not appear to correspond linearly 
with regions of higher or lower concentrations (Fig. 3), 
suggesting that the CL pattern of zircon grains depends 
intimately on the concentrations of both minor (e.g., Hf) 
and trace elements. Based on the textural context together 
with U-Pb ages for different domains (Fig. 2), we attribute 
abrupt changes in Hf concentration to different crystalliza-
tion events (i.e. temporally unique). This is particularly evi-
dent between the inherited cores and rims that grew during 
the Jurassic magmatic event (Fig. 3). In comparison, the 
distribution of Y and Yb as observed in the EMPA maps 
correlates to specific, fine-scaled features in the CL pat-
tern. Our results are consistent with previous studies that 
suggest that the dominant CL activators in zircon include 
the trivalent REEs (e.g., Cesbron et al. 1995; Cherniak et 
al. 1997b); however, our results indicate a larger contribu-
tion from Hf to the CL signal than previously suspected. 
Additionally, the presence of U4+ and the radiation damage 
induced by alpha-decay is thought to suppress CL emission 
(e.g., Nasdala et al. 2003), while for the grains studied here, 
the darkest regions of CL intensity in the grains analyzed 
here are largely attributed to increasing Hf or trace element 
concentrations within those growth zones.

Igneous zircon trace elements with a crustal affinity

Elevated concentrations of P and Al in zircon have been 
identified as sensitive indicators for the assimilation of 
continental crust during the evolution of magmatic com-
positions (e.g., Burnham and Berry 2017; Zhu et al. 2020; 
Bell and Kirkpatrick 2021; Ackerson et al. 2021; Bucholz 
et al. 2022). In particular, the incorporation of Al into zir-
con is a function of activities for both alumina and H2O in 
a melt and the temperature of crystallization (e.g., Trail et 
al. 2017; Wang and Trail 2019). The activity of alumina is 
controlled by melt compositional parameters including both 
proportions of molar ratios of Al2O3/(CaO + Na2O + K2O) 
and the aluminum saturation index (K + Na + 2Ca)/(Si * Al), 
whereby excessive Al2O3 contents (i.e. peraluminous com-
positions) are often attributed to contributions from melt-
ing of pelitic lithologies (e.g., Chappell and White 1974; 
Miller 1985). In conjunction with Al, P concentrations in 
zircon have also been used to discriminate melt sources 
between metaluminous versus strongly peraluminous com-
positions, such that higher P concentrations in zircon reflect 
the enhanced solubility of apatite in peraluminous melts 
(Bucholz et al. 2022).

Similarly, Be enrichments are associated with granitic 
systems derived from melting metasedimentary rocks (e.g., 
Grew 2002); however, the partitioning behavior of Be into 
zircon has yet to be determined. Metapelites are the most 

Ta
bl

e 
2 

C
om

pa
ris

on
 o

f c
om

po
si

tio
na

l d
at

a 
ex

tra
ct

ed
 fr

om
 th

e 
su

bv
ol

um
es

 o
f M

11
 a

nd
 M

33
 in

 Z
r9

 w
ith

in
 th

e Y
-e

nr
ic

he
d 

do
m

ai
ns

 a
nd

 Y
-p

oo
r d

om
ai

ns
M

11
 (w

ho
le

 
vo

lu
m

e)
M

11
 (Y

-r
ic

h 
vo

lu
m

e)
M

11
 (Y

-p
oo

r 
vo

lu
m

e)
M

33
 (w

ho
le

 
vo

lu
m

e)
M

33
 (Y

-r
ic

h 
vo

lu
m

e)
M

33
 (Y

-p
oo

r 
vo

lu
m

e)
at

om
ic

 %
±

 2
σ

±
 2

σ
±

 2
σ

±
 2

σ
±

 2
σ

±
 2

σ
Z

r
18

.4
8

0.
00

7
18

.2
8

0.
01

4
18

.6
8

0.
01

4
18

.3
8

0.
00

6
18

.4
7

0.
01

0
18

.4
8

0.
01

1
Si

16
.7

9
0.

00
9

16
.8

5
0.

02
0

16
.8

4
0.

02
0

17
.0

3
0.

00
6

16
.9

3
0.

01
4

16
.8

5
0.

01
4

O
64

.4
5

0.
01

0
64

.5
1

0.
02

3
64

.2
6

0.
02

2
64

.3
3

0.
00

8
64

.2
5

0.
01

8
64

.4
2

0.
01

9
pp

m
a

H
f

19
79

4
23

17
8

18
92

7
16

98
2

19
86

6
17

79
5

A
l

-
-

-
-

-
-

-
-

-
-

-
-

P
70

5
11

8
10

5
11

24
3

40
6

67
12

Y
42

0
7

69
8

19
16

8
12

54
2

7
98

5
18

29
7

14
Y

b
19

4
12

29
4

27
80

22
22

4
16

31
4

38
21

8
35

U
15

1
2

24
4

4
11

9
3

11
3

1
90

1
63

2
B

e
-

-
-

-
-

-
28

2
43

4
30

7
to

ta
l i

on
s 

(M
ill

io
n)

33
.8

6.
9

7
47

12
10

.6

1 3

Page 11 of 19 85



Contributions to Mineralogy and Petrology (2024) 179:85

2017; Ackerson et al. 2021; Bucholz et al. 2022), the parti-
tioning of P is recognized to be important for maintaining 
charge balance in REE-bearing zircons (Finch et al. 2001; 
Finch and Hanchar 2003). Owing to crystal-chemical simi-
larities between Y3+ and heavy REE3+, the replacement of 
Zr4+ by REE3+ in zircon is commonly explained by the 
coupled xenotime (YPO4)-type substitution in which P5+ 
replaces Si4+, given by the formula Y3+/REE3+ + P5+ = 
Zr4+ + Si4+. Implicit in this substitution is the assumption 
that P5+ replaces Si4+ at the tetrahedral site and REE replace 
Zr4+ at the dodecahedral site (VIII-coordination). Within 
the specimens measured here, there is a general correlation 
between increasing concentrations of Y and P observed in 
the bulk volumes (Table 1); however, this correlation is not 
always sustained. In the specimens where Y concentrations 
are low (e.g., Zr18-L2-HG-M2), the absence of P could be 
due to low concentrations, where the associated P + + peak 
in the TOF spectra at 15.5 Da is below background levels 
(i.e., high noise to signal ratio). Conversely, in the Zr9-M9 
specimen located within the overgrowth domain, the trace 
element concentrations are the highest among all zircon 
volumes analyzed (Table 1), but a P peak was not detected. 
Therefore, without P the trivalent ions require an alterna-
tive charge compensation, either in the form of oxygen 
defects (e.g., Cherniak et al. 1997b) or by the interstitial 

Be-enriched sedimentary rocks, due to the abundance of 
muscovite with Be contents of 20–120 ppm and addition-
ally cordierite, which contains significant concentrations 
of Beryllium (London 2015). In this study, APT specimens 
from the Jurassic zircon domains are clearly distinguish-
able by the presence of P and Be atoms and are commonly 
enriched in trace elements (e.g., Y and Yb) relative to the 
inherited cores. These results agree with those of Foley et 
al. (2023a, b), as the presence of P, Be, and occasionally 
Al, are consistent with crystallization of overgrowths from 
melts derived by partial melting of metasedimentary sources 
whereby the local breakdown of apatite and muscovite- and/
or corderite-bearing assemblages resulted in the partitioning 
of these elements into the zircon lattice.

Although P-in-zircon has only recently gained traction 
as a tracer of parent melt sources (e.g., Burnham and Berry 

Table 3 Comparison of average bulk concentrations for LCMF14 
Autocrystic Zircon
Element LA-ICP-MS Average (ppm) APT Average (ppma)
Hf 10,295 1,797
Y 1,113 465
Yb 345 153
U 185 69
LA-ICP-MS average reported in Foley et al. (2023a)

Fig. 9 Reconstructions for atomic 
maps and isoconcentration 
surfaces of Y, Be, and Yb from 
specimen Zr9-M9 within the 
overgrowth structure at the inner-
most interface of the xenocrystic 
core. Isosurfaces connect regions 
in the specimen corresponding 
to the concentration displayed 
with concentrations of Y at 0.14 
atomic %, Be at 0.06 atomic %, 
and Yb at 0.42 atomic %. The 
low-angle boundary indicates a 
region of low concentration for 
Y + Be (see SF5 for 1D concen-
tration plots). This specimen 
samples the Yb-rich region 
observed with the EMPA maps. 
P was not detected within this 
volume
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of trace elements along such features in Zr9-M9 occurred 
via mineral replacement reactions (e.g., Putnis 2000; 
Geisler et al. 2007) either by (1) solid-state diffusion driven 
reactions within a fluid-dominated regime (e.g., recrystal-
lization during metamorphism; Hoskin and Black 2000) or 
(2) during chemical re-equilibration by coupled dissolution-
reprecipitation processes within a fluid or melt phase (e.g., 
Peterman et al. 2019). During re-equilibration, zircon will 
react with a solution (aqueous fluid or melt) to produce a rim 
with a lower concentration of the solid solution phase (e.g., 
xenotime, YPO4) and a produce a reaction domain that is 
enriched in the components of the solid solution phase (e.g., 
HfSiO4, USiO4, ThSiO4, or YPO4; Geisler et al. 2007). For 
either mechanism, inclusions of these solid-solution phases 
will be present if the eutectic is reached, and an increase in 
porosity within the crystalline structure will occur. Peter-
man et al. (2019) observed similar microstructural features 
by APT within a complex interface domain that separated 
a magmatic zircon core from a younger metamorphic rim 
where they explained trace element accumulation of Y, P, 
and Yb or U along the planar features by solid-state reac-
tion within a transgressive, fluid-mediated reaction front 
(i.e., mechanism 1 above). Similar to Peterman et al. (2019), 
we observe a zircon volume (Zr9-M9) that is extremely 
enriched in trace element concentrations of Y, Be, and Yb 
that is immediately followed by a volume depleted in trace 
elements (Zr9-M10; Table 1). However, neither the enriched 
(M9) nor depleted volume (M10) within this interface region 
contains P and, therefore, cannot be simply explained by the 
xenotime solution substitution.

Alternatively, enrichment of trace elements at the inher-
ited cores interface could derive from the dissolution of the 
inherited core (i.e., resorption of the grain) lending to the 
local enrichment of the slow diffusing elements within a 
melt (mechanism 2 above). Though, the APT volume that 
samples the portion of the inherited core contains elevated 
concentrations of P with no detectable Yb (Zr9-M3; Table 1), 
whereas Zr9-M9 contains no detected P and is extremely 
enriched in Yb. Furthermore, the Zr9-M9 specimen also 
contains elevated Be concentrations (170 ppma), where the 
presence of Be has only been linked to the Jurassic anatexis 
event (Table 1). Therefore, the enrichment of trace elements 
in M9 could not have been sourced solely from the local dis-
solution or re-equilibration of the inherited grain.

Based on the presence of Be, we interpret the interface 
domain to reflect growth during the Jurassic anatexis event, 
following the breakdown of Be-rich minerals (e.g., mus-
covite, corderite). We suggest that the linear features of 
Y-enrichments formed during primary crystallization, and 
not as a result of re-equilibration via one of the mineral 
replacement reactions mentioned above, or due to deforma-
tion-induced trace element mobility. Instead, the interface 

incorporation of + 1 ions like H and Li (e.g., Ushikubo et 
al. 2008; Trail et al. 2016; Wang and Trail 2022); though, 
Li was not detected in any specimens measured within this 
study.

The accommodation of Al3+ into the zircon structure can 
be met either by the substitution Al3+

(interstitial) + 4Y3+ + P5+ 
= 4Zr4+ + Si4+ (e.g., Hoskin et al. 2000) or by Al3+ + H+ 
= Si4+ (e.g., Trail et al. 2011). In the two APT specimens 
containing Al (Zr18-L1-M3 and M4; Table 1), the first equa-
tion offers a suitable charge balancing substitution, as both 
Y and P are present. Though, charge balance with H cannot 
be evaluated using APT, due to the residual presence of H 
in the chamber and on the specimen shank. A similar sub-
stitution can be applied for Be, where Be2+

(interstitial) + 3Y3+ 
+ P5+ + = 3Zr4+ + Si4+ (e.g., Reddy et al. 2016). This sub-
stitution can apply to the autocrystic domains, where Be is 
present together with P and Y (Table 1). However, within 
the overgrowth structure of Zr9 (M9 and M10), concentra-
tions of Be and Y cannot be balanced with this substitution, 
due to the absence of P. In IV-coordination, Si4+ and Be2+ 
have a similar ionic radius of 0.26 Å and 0.27 Å respectively 
(Shannon 1976), though a 1:1 substitution will result in a 
charge deficiency. If Be2+ is interstitial or substituted in the 
Si4+ site, a 2 + charge would thus be required to maintain 
charge balance (e.g., 2 H+); alternatively, charge balance 
could be maintained with Be2+ on both the Si4+ site and an 
interstitial site.

Zircon nanostructures

We targeted zircon grains with complex interface domains 
between an inherited core and younger autocrystic domain 
to characterize the nanoscale structure and chemistry and 
provide information pertaining to the melt both prior to 
and after dissolution. During crystallization, impurities to 
the zircon ZrSiO4 structure result from the partitioning of 
minor (Hf) and trace element substitution. Consequently, 
the heterogeneous manifestations of these trace elements at 
the atomic scale (e.g., point defects, Peterman et al. 2019; 
low-angle boundaries, Reddy et al. 2016; clustering due to 
alpha-decay, Valley et al. 2015; Peterman et al. 2016) can 
provide information about the nanoscopic growth environ-
ment and/or post growth modification to the crystal lattice 
(e.g., diffusion, annealing, etc.).

For the three transects sampled here, only one analyzed 
volume within an overgrowth structure revealed complex 
redistribution of trace elements in sample Zr9 (Fig. 9). Rela-
tive to the analyzed surface, these nanostructures manifest 
in the interface domain of zircon sample Zr9-M9 as (a) 
Y-enriched regions that occur at high angles, relative to the 
z-axis, and (b) a low-angle zone characterized by the deple-
tion of Y and Be (Fig. 9). It is possible that the accumulation 
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lower and higher concentrations (Table 2), while Hf remains 
consistent across the volumes. In M11 and M33, P generally 
follows the change in Y concentration across the boundary, 
although the ‘step’ is not as clearly observed, while Yb (and 
Be in M33) is observed to have a slight increase across the 
boundaries. This coupled behavior between Y and P in M11 
is more consistent with the xenotime substitution mecha-
nism; however, the lack of a clear coupled substitution in 
M33 suggests that multiple substitution mechanisms may 
operate. It is likely that other REE3+ elements follow a simi-
lar trend as Y across the concentration boundary given the 
similarity in size and geochemical behavior. However, the 
REE cannot be distinguished in the zircon APT TOF spec-
tra due to peak overlaps and because they are distributed 
across multiple peaks throughout the spectra, including both 
elemental and oxide charge states, and therefore are often 
below background detection levels.

These two reconstructions provide APT sampling of a 
boundary between oscillatory growth zones in igneous zir-
con. Proposed mechanisms for generating fine-scaled oscil-
lations include: (1) equilibrium trace element partitioning 
that is limited by diffusion in the melt (e.g., diffusive bound-
ary layers; Smith et al. 1955; Albarède and Bottinga 1972; 
Lasaga 1982), (2) non-equilibrium growth relating to sur-
face-enrichment impurities/poisoning (e.g., Watson 1996a), 
and (3) crystallographic controlled growth zoning (e.g., sec-
tor zoning; Watson and Liang 1995). Based on available dif-
fusivities of trace elements in silicate melts (e.g., Holycross 
and Watson 2018), growth velocity boundary layer models 
typically predict boundaries between compositional zones 
that are more broad (e.g.Watson 1996b; Watson and Mül-
ler 2009) than what is observed in the samples studied here 
(~ 10 nm width, as shown in Fig. 10). This would seem to 
indicate that either an as-yet unidentified mechanism has 
led to these extremely sharp boundaries between oscillatory 
zones, or that at least one of the mechanisms mentioned 
above is capable of generating far sharper boundaries than 
previously thought.

Y diffusion modeling and growth zoning 
implications

Although the growth mechanism for generating the oscil-
lations with extremely sharp boundaries described above 
remains unclear, the portion of the zircon from where these 
two APT volumes are sampled are considered to reflect 
crystallization from a Zr saturated melt; therefore, diffu-
sion profiles across these two boundaries provide a times-
cale between zircon saturation to eruption. To constrain the 
residence time of zircon in upper crustal reservoirs, we have 
modeled the Y concentration profiles observed in samples 
Zr9-M11 and -M33 (Fig. 8). Our diffusion calculations 

region of Zr9 was likely precipitated during alternating peri-
ods of local zircon undersaturation followed by saturation. 
Dissolution and subsequent re-crystallization reactions in 
the presence of a melt phase also explain the presence of 
the low-angle grain boundary that reflects misorientation of 
the crystal lattice. During growth, crystallization proceeded 
with zircon that was not epitaxial to the inherited core. 
Once the melt reached zircon-saturated conditions, growth 
characterized by small-scaled oscillatory zones is separated 
from the interface domain by a conformable boundary.

Oscillatory Zonation in Zircon

Although oscillatory growth zones are observed across a 
variety of igneous minerals, the origin and significance are 
still debated (e.g., Melnik and Bindeman 2018 and refer-
ences within). Zircon growth requires diffusion of elements 
(Zr-Si-O) through a melt towards an advancing stoichio-
metric crystallographic face. Changes relating to crystal 
growth at bulk saturation – either being an impediment of 
growth (local undersaturation and/or step pinning by impu-
rities) or rapid crystallization (supersaturation) – result in 
localized differences in growth patterns that are reflected 
in the observed CL pattern. Oscillation growth zones are 
understood to reflect the heterogeneous distribution of 
trace elements within crystals (Hanchar and Miller 1993) 
and are commonly observed in igneous zircon (Hoskin 
and Schaltegger 2003). Large, uniform oscillatory growth 
zones in zircon crystals are thought to represent episodes 
of growth in a saturated environment, where major changes 
in trace element composition reflect external forcing due 
to changing magmatic conditions and compositions (e.g., 
magma mixing or replenishing events; Claiborne et al. 2010; 
Gagnevin et al. 2010). In comparison, fine-scale oscillatory 
zoning is likely controlled on the nanoscale by processes 
occurring at the zircon-melt interface (Vavra 1990; Hoskins 
2000; Fowler et al. 2002; Hoskins and Schaltegger 2003; 
Melnik and Bindeman 2018).

While both zircon grains analyzed by APT are character-
ized by magmatic oscillations, the band spacing in Zr9 is 
considerably smaller (e.g., ~ 1 µm spacing) than for Zr18 
where the APT samples were selected. Based on the posi-
tioning of the APT specimens relative to the crystallographic 
growth zones in Zr9, we interpret the two volumes of Zr9-
M11 and M33 as both intersecting across oscillatory zones 
(Fig. 8). In both volumes, two distinct regions of higher and 
lower concentrations are observed primarily by changes in 
Y concentration and to a lesser extent changes in P (Fig. 7) 
across a boundary of 12 and 10 nm, respectively (Fig. 8). 
Bulk concentrations calculated for each sub volume across 
the plane indicates that most of the detected trace element 
contents (Y, P, Yb, and Be) are similarly divided between 
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reduced scatter in Y data with higher counting statistics. 
Because we do not have a tight constraint for the temper-
ature-time path over which diffusion occurred, we have 
used these 

∫
D (t) dt  values to calculate the timescale that 

would correspond to isothermal diffusion between 700 and 
900 ˚C (Fig. 10). It is important to note that the calculations 
summarized in Fig. 10 represent maximum timescales for 
each given temperature. This is due to the fact that we have 
assumed a step function as the initial profile, despite the 
possibility that there could have been initial growth zona-
tion of Y. This is especially true because the measured Y 
profiles are extremely short; therefore, the actual residence 
time of these zircons, corresponding to any given tempera-
ture, could have been significantly shorter than what is indi-
cated in Fig. 10.

Although we do not have tight constraints on the pressure-
temperature-time path over which the EQC magmas were 
generated, we place a maximum timescale constraint of 10 
Myr based on the spatial migration of magmatism in the 
CASP, relating to the differential rollback of the subducting 
slab beneath Patagonia (cf. Foley et al. 2024). Estimates for 
temperatures are determined using the average of calculated 
Ti-in-zircon temperatures, together with the bulk Zirconium 
saturation temperature, both of which are ~ 810 ˚C (Foley et 

assume a step function as the initial profile, plane-sheet 
geometry, and a constant diffusion coefficient (i.e., isother-
mal diffusion), which corresponds to the solution to the dif-
fusion equation described by:

C (x, t)− Cmin

Cmax − Cmin
=

1

2
erfc

(
x− x0

2
√
Dt

)
 (1)

Where C(x, t) is the concentration of Y at distance x and 
time t, Cmin and Cmax are the initial concentrations on 
either side of the step function, xo is the initial position of the 
interface between Cmin and Cmax and D is the diffusion coef-
ficient. Because there are no published diffusion coefficients 
for Y in zircon, we have used the Dy in zircon data from 
Cherniak et al. (1997b). Dy in zircon should be a reasonable 
proxy for Y, due to the identical charge, similar ionic radii, 
and general similarity in geochemical behavior between Y 
and REEs (Hanchar et al. 2001; Finch et al. 2001).

The Y profiles extracted from samples M11 and M33, 
along with the fits to the data using Eq. 1, are shown in 
Fig. 10. Samples M11 and M33 yield 

∫
D (t) dt  values 

of 2.81 (+ 2.77/-0.93) * 10− 9 m2 and 3.19 (+ 0.66/-0.70) * 
10− 9 m2, respectively. These two values agree within error, 
although there is less error associated with M33, due to the 

Fig. 10 Diffusion profiles fit 
across the two Y concentration 
gradients in M11 (Box 1, Fig. 8) 
and M33 (Box 2, Fig. 8). Panels 
A and C show the measured 
profiles (blue line) and modeled 
fits (black lines) with uncertain-
ties (red dashed lines). Panels B 
and D show the timescale as a 
function of temperature retrieved 
from the profiles shown in A and 
C, respectively. Both the average 
temperature calculated using 
Ti-in-zircon and bulk zircon satu-
ration thermometry for ignimbrite 
sample LCMF14 is calculated at 
~ 810 °C (Foley et al. 2023a). A 
maximum timescale of 10 Myr 
is determined considering the 
spatial migration of magmatism 
in the CASP; shaded regions 
represent the timescales calcu-
lated considering temperatures 
between zircon-based thermom-
eters and the maximum timescale 
considered. See text for further 
details
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can generate far sharper boundaries than previously consid-
ered. Diffusion calculations fit to the concentration profiles 
in Y provide estimates for the timescales over which zircon 
grew prior to eruption; we constrain a temperature window 
over 810 to 750 ˚C that corresponds to timescales on the 
order of 10,000 years to 10 Myr, respectively. We acknowl-
edge the limitation placed by the lack of published diffusion 
coefficients for Y, which could necessitate a reassessment of 
these timescales calculated. Regardless, we emphasize the 
potential for APT as a technique to measure diffusional pro-
files that, at the time of writing, are unobtainable by other 
methods.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00410-
024-02166-5.
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al. 2023a). We note the limitation of these two thermometers 
for the LCMF14 ignimbrite sample, as both the TiO2 activ-
ity and melt composition were estimated for this sample due 
to extensive secondary alteration of the bulk-rock sample 
(e.g., Foley et al. 2023b). Based on these constraints, tim-
escales of diffusion are on the order of ~ 10,000 years to 
10 Myr over temperatures of 810 to 750 ˚C, respectively. 
Future work to constrain the thermal evolution of the EQC 
dacite ignimbrites will aid to provide an estimate for the 
timescales of zircon growth; though this temperature range 
is generally consistent with those of natural dacite composi-
tions (e.g., Blundy and Cashman 2001).

Conclusions

This research combines methods of cathodolumines-
cence imaging (CL), electron microprobe elemental maps 
(EMPA), and Atom Probe Tomography (APT) that presents 
data pertaining to the distribution and abundances of minor 
and trace elements in igneous zircon. This data provides 
novel insights into processes relating to crystal growth and 
information pertaining to the local melt compositions(s) 
during crustal anatexis. For the zircon grains studied here, 
the incorporation of older continental crust is evident by 
the inherited zircons in the Los Cóndores ignimbrite from 
the El Quemado Complex. The presence of P and Be in the 
autocrystic zircon domains further supports a model of crys-
tallization from melts derived by partial melting of metased-
imentary sources wherein the local enrichment of these 
trace elements in the melt is sourced from the breakdown of 
muscovite and cordierite-bearing assemblages. During ana-
texis, complex reaction textures at the interface (i.e., over-
growth structures) of the inherited zircon core demonstrate 
dynamic dissolution/precipitation reactions that occurred 
prior to bulk zircon saturation in the magma. In comparison, 
the homogeneous distribution of minor and trace element 
species indicates that the inherited zircon grains from Zr9 
and Zr18 remained undisturbed during anatexis.

Significantly, these APT volumes provide nanoscale 
sampling of boundaries between oscillatory growth zones 
in an igneous zircon. Reconstructions reveal compositional 
zoning of Y and, to a lesser extent P, which appear as high-
angle, planar features with respect to the atom probe speci-
men, that coincide with the fine-scaled oscillatory zones 
in the Jurassic-aged autocrystic growth domains. These 
extremely short Y concentration boundaries measured on 
the order of 10 to 12 nm are difficult to reconcile with pro-
posed mechanisms for generating fine-scaled oscillations. 
This suggests that either an as-yet unidentified mechanism 
has led to these extremely sharp boundaries between oscilla-
tory zones, or that at least one of the mechanisms presented 
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