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Large volume rhyolitic ignimbrite volcanism is a significant contributor to the evolving crust. The
introduction of high-silica material into the upper crust, differentiation within the middle crust, and
partial melting in the lower crust contributes to geochemical and isotopic evolution of the crust.
Developing accurate models for the genetic evolution of these events is dependent upon geochronology to
determine rates of magmatic processes as model constraints. We present new zircon high-precision CA-
ID-TIMS U-Pb geochronology and MC-ICPMS Hf isotope geochemistry for four ignimbrites from the nested
caldera complex near Socorro, New Mexico (USA), within the Mogollon-Datil volcanic field. In agreement
with past 4°Ar-9Ar data, interpretations of new U-Pb data indicate eruptions from the Socorro caldera
cluster were pulsed. These pulses were intermittently spaced, and a volcanic hiatus following the Hells
Mesa Tuff at 33.442 + 0.015 Ma was interrupted by four successive eruptions, beginning with the La
Jencia Tuff at 29.158 + 0.025 Ma and finishing with the South Canyon Tuff at 28.066 + 0.021 Ma. Zircon
age spectra became more protracted with each eruption, exhibiting age dispersions ranging from 0.347
Myr in the Hells Mesa Tuff to 4.502 Myr in the South Canyon Tuff. The increased dispersion is paralleled
by an increase in the proportion of normally discordant grains, indicative of xenocryst incorporation.
These protracted age spectra are not necessarily a function of thermal maturation in the middle to upper
crust due to long-lived magma chambers. Rather, they are likely the result of increased melting of zircon-
bearing lower crust due to deep thermal maturation from repeated juvenile magma injections based on
the incorporation of zircon material at the melt source. In contrast, the Hf isotope record is volumetrically
dominated by autocrystic zircon domains and becomes more radiogenic through time, recording juvenile
replenishment of the lower crust during progressive melting. Together, these data record the protracted
evolution of the lower crust sampled by ignimbrites, lend insight into that evolution, and emphasize the

need for detailed interpretation of high-precision datasets to advance volcanic models.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction and refine models for processes such as crustal differentiation, por-
phyry formation and supervolcano eruptions (e.g., Caricchi et al.,
2014; Eddy et al., 2016; Chelle-Michou et al., 2017). The mineral
zircon is the most commonly used material providing geochrono-
logical information to understand these processes, due its ability
to incorporate appreciable U and its robust nature. Zircon records
its crystallization in many silicic rocks because it tends to saturate
in Si-rich magmas. Therefore, it may be exploited to derive the
parameters of silicic magmatism, such as mechanisms of batholith
formation, the transcrustal magmatic architecture, and age and du-

Geologic models are commonly restricted by the insufficient
control on time: uncertain rates and durations are frequently our
limitations in understanding of Earth. In magmatic systems this is
particularly pertinent. Aspects such as magmatic lifespan, rate of
magma accumulation, eruptive intervals, and timing of final solid-
ification or eruption are all factors that have been used to define
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ration of rhyolitic ignimbrite eruptions.
Through analytical advancements in both in-situ and high-
precision methods, larger and increasingly precise U-Pb zircon
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datasets continue to reveal more complicated and protracted age
spectra that warrant careful interpretation. Zircon can crystallize
through a broad temperature range, enabling protracted age spec-
tra to be used to interpret a melt lifespan or T-t history of magmas
(e.g., Samperton et al., 2017; Szymanowski et al., 2019; Curry et
al,, 2021). Alternatively, this observed scatter can be interpreted to
indicate inheritance of older zircon components, either from previ-
ous batches of melts remobilized within a system (i.e., antecrysts)
or from partial melting of ancient rock (i.e., xenocrysts; e.g., Miller
et al,, 2007; Samperton et al., 2015; Gaynor et al., 2022a). Inter-
pretation of the zircon record within igneous rocks can be further
obfuscated by analytical factors. Many in-situ techniques do not
have the precision to analytically resolve the geological causes of
dispersion and compositional variations in zircon, and as a result
are unable to yield data with the uncertainties necessary to assess
two-component mixing (e.g., Chelle-Michou et al., 2017; Gaynor et
al.,, 2022a). Therefore, several common a priori assumptions of mag-
matic systems may be flawed, as zircon may not necessarily record
a period of growth within an individual magma system (e.g., Wot-
zlaw et al., 2013; Karakas et al., 2019).

Beyond understanding the temporal evolution of the magma,
zircon crystals can also lend insight about the generation of
high silica melts. Melt evolution is commonly a complicated and
varied process, and proxies such as trace element geochemistry
can model the formation of silicic rocks through many mecha-
nisms, including fractionation, partial melting, and entrainment
processes (e.g., Bachmann and Bergantz, 2008; Glazner et al., 2008;
Clemens et al., 2011). Zircon is robust, and chronicles crystalliza-
tion throughout the history of a magmatic locus, recording the iso-
topic composition of its surrounding melt through Hf (e.g., Kinny
and Maas, 2003; Schoene, 2014). Combined with U-Pb geochronol-
ogy, zircon can be used to determine the composition of a given
melt with a clear temporal understanding of a magma history.

Here we present a case study utilizing Hf and U-Pb zircon
isotope geochemistry and geochronology from a suite of super-
volcano eruptions to evaluate the lifespan of silicic magma sys-
tems as recorded by zircon. This dataset allows us to evaluate
the differences in the duration of crystallization, degree of in-
heritance, and magma provenance through a long-lived magmatic
center. For the geochronology, we used chemical abrasion, isotope
dilution thermal ionization mass spectrometry (CA-ID-TIMS). This
technique allows for a more precise evaluation of potential multi-
component mixing within individual crystals through assessment
of 206pp/238(J-207pp /235 concordance relative to in-situ techniques
that inherently have larger analytical uncertainty. Therefore, it is
more equipped to assess if crystal or sub-crystal dates obtained
accurately reflect magmatic crystallization at a time of interest,
or rather inheritance (e.g., Gaynor et al., 2022a). The CA-ID-TIMS
technique is commonly applied to full zircon crystals, rather than
discrete crystal volumes, and therefore produces a weighted av-
erage of the timing of crystallization, including possible trace in-
heritance. These analyses were followed by Hf isotope analyses
by multi-collector inductively coupled plasma mass spectrometry
(MC-ICPMS) on the same volume of zircon dated by CA-ID-TIMS,
to test the magmatic provenance of individual crystals relative to
their dates. We applied these techniques to a series of super-
volcano eruptions from the Oligocene Socorro caldera complex,
located in southern New Mexico, U.S.A. This natural laboratory
is ideal for measuring the effects of ancient zircon material on
younger eruptions because the basement for these rocks is over
1.5 Gyr older than the volcanic complex (e.g., Karlstrom et al.,
2004). Our high-precision results highlight potential issues with
commonly used interpretations of zircon spectra, while also allow-
ing new insights into the generation and evolution of large volume,
high-silica eruptions.
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Fig. 1. Generalized map of the present-day extent of mid-Tertiary silicic volcanic
fields of southwestern North America, highlighting the location of the 39-Mile, Boot
Heel, Great Basin, Mogollon-Datil, Questa-Latir, San Juan, Sierra Blanca, Sierra Madre
Occidental and Trans-Pecos volcanic fields. Modified from McIntosh et al. (1992),
Cather et al. (2009) and McDowell and McIntosh (2012). Inset box indicates the
location of Fig. 2.

2. Geological setting

The Socorro caldera cluster is located within the Mogollon-
Datil volcanic field, which is part of the middle Eocene to middle
Miocene ignimbrite flare-up of western North America. The ign-
imbrite flare-up is marked by a suite of discontinuous volcanic
centers, stretching across approximately 3,500 km from central to
southern North America, which was broadly active between 50-16
Ma (Fig. 1; e.g., Cather et al., 2009; McDowell and McIntosh, 2012).
In many of these volcanic centers, early volcanism was predomi-
nately intermediate composition lava flows, which transitioned to
large-volume, explosive felsic ignimbrite eruptions (Humphreys et
al,, 2003). In total, over 500,000 km> of ignimbrites were erupted
as part of at least 5,000,000 km? of igneous rocks associated with
this episodic magmatic flare-up, with the approximate peak flux
of volcanism between 33-28 Ma (e.g., Johnson, 1991). Magma-
tism was focused between a suite of volcanic centers, including
the Boot Heel, Great Basin, Mogollon-Datil, San Juan, and Sierra
Madre Occidental volcanic fields (Fig. 1). Models for the magma
genesis of these volcanic centers commonly involve the heating of
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Fig. 2. Generalized geologic map of the Mogollon-Datil volcanic field in southern Arizona and New Mexico, showing the sampling sites for this study. Colored outlines reflect
the mapped extent of individual large-volume ignimbrite eruptions from the caldera cluster adjacent to Socorro, which are based on paleomagnetic and “°Ar/39Ar data of
distal ash samples from Mclntosh et al. (1992). The colors used to indicate tuff extents correlate to the colors used to denote various ignimbrite samples in Figs. 3-6. Map
modified from McIntosh et al. (1992) and does not include calderas associated with the Boot Heel volcanic field.

metasomatized North American lithosphere by upwelling astheno-
sphere during removal of the cooler Farallon slab (e.g., Davis and
Hawkesworth, 1993; Humphreys et al., 2003; Farmer et al., 2008).
These models postulate widespread melting, rapid introduction of
voluminous mafic melts to the crust, and induced anatexis as a re-
sult of this upwelling.

Volcanic activity within the Mogollon-Datil volcanic field began
with andesitic volcanism between approximately 40-36 Ma, and
was followed by a suite of aerially extensive, voluminous rhyolite
ignimbrites from approximately 36-24 Ma (Fig. 2; e.g., Cather et
al., 1987; McIntosh et al., 1990, 1992). This latter phase of ign-
imbrite volcanism occurred episodically through four brief pulses
separated by 1-3 Myr quiescences, with eruptions from 36.2-33.5
Ma, 32.1-31.4 Ma, 29.0-27.4 Ma and a final pulse at 24.3 Ma (e.g.,
Mclintosh et al., 1990). The approximate eruptive volumes and rates
vary between these pulses, with the third pulse responsible for the
most volume and the highest eruptive rate of any ignimbrite pulses
from the Mogollon-Datil volcanic field (e.g., McIntosh et al., 1992).

Along the northeastern margin of the Mogollon-Datil volcanic
field lies a series of three nested calderas west of the town of So-
corro: the Socorro, the Sawmill Canyon-Magdalena, and the Mt.
Withington calderas, from east to west and oldest to youngest,
respectively (Fig. 2; e.g., McIntosh et al., 1992; Chamberlin et al,,
2004). Early volcanism locally predates caldera formation, begin-
ning with the Datil Group volcanic rocks from approximately 39-
33.7 Ma, which range from andesite to rhyolite in composition
(McIntosh et al., 1992). The first phase of local ignimbrite volcan-
ism began with the eruption of the 1,200 km? Hells Mesa Tuff
at 32.49 + 0.10/1.17 Ma, forming the Socorro caldera (*°Ar/3°Ar

sanidine geochronology recalculated from McIntosh et al., 1992;
“x/z” uncertainties represent “analytical uncertainties only/includ-
ing uncertainty of decay constants”). Smaller volume basalt and
rhyolite flows ponded within the Socorro caldera during the pe-
riod following the eruption of the Hells Mesa Tuff (Chamberlin
et al., 2004). Following a period of resurgent dome emplacement
along the caldera rim, the crystal poor 1,250 km? La Jencia Tuff
was erupted from the Sawmill Canyon caldera at 29.23 + 0.04/1.05
Ma (Mclntosh et al., 1992; Chamberlin et al., 2004). The formation
of the Sawmill Canyon-Magdalena caldera destroyed the western
margin of the Socorro caldera (Chamberlin et al., 2004). The Nogal
Canyon caldera formed south of the nested Socorro caldera com-
plex through the eruption of the crystal poor, 1,050 km3 Vicks Peak
Tuff at 28.94 + 0.04/1.04 Ma (Osburn and Chapin, 1983; McIntosh
et al,, 1992). The 450 km? Lemitar Tuff subsequently erupted from
the Hardy Ridge caldera, nested inside of the Sawmill Canyon-
Magdalena caldera, at 28.37 + 0.08/1.02 (McIntosh et al., 1992;
Chamberlin et al., 2004). The final phase of ignimbrite volcanism
within the area is associated with the formation of the Mt. With-
ington caldera through the eruption of the 700 km> South Canyon
Tuff at 27.73 4+ 0.07/1.00 Ma (Mclntosh et al., 1992; Chamberlin et
al., 2004). The volumetric total of these ignimbrites is the largest
estimated from a single caldera cluster within the Mogollon-Datil
volcanic field (e.g., McIntosh et al., 1990, 1992).

3. Methods

Samples were collected from fresh outcrops of all five large
volume, high silica ignimbrite eruptions associated with the Mt.
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Withington, Sawmill Canyon-Magdalena, Nogal Canyon and Socorro
calderas (Fig. 2). All samples were crushed in a tungsten mill,
sieved to less than 300 pum, and concentrated to heavy minerals
using a Wilfley table, Frantz magnetic separation and heavy lig-
uids. Due to the relative lack of zircon in the Vicks Peak Tuff,
it was not processed or analyzed further. Backscattered electron
(BSE) and cathodoluminescence (CL) images were acquired using
a JEOL JSM7001F Thermal Field Emission Scanning Electron Micro-
scope (SEM) (Schottky electron gun) at the University of Geneva.
Mineral inclusions in zircon were identified using energy disper-
sive spectroscopy (EDS). These techniques were used to character-
ize the internal textures and the inclusions within representative
crystals.

Zircon were prepared and analyzed for ID-TIMS U-Pb geochronol-
ogy using the methods detailed in Appendix Text 1. Whole zircon
crystals, rather than those sectioned and imaged using CL, were
used in this study to maximize the radiogenic Pb to common
Pb (Pb*/Pb.) values, which maximizes precision (e.g., Gaynor et
al., 2022a). Zircons representing the range of crystal morphol-
ogy were analyzed to fully characterize zircon in each sample.
Reported 206Pb/238U dates were corrected for initial 23°Th disequi-
librium during zircon crystallization using a zircon/melt partition
coefficient frny of 0.246 (Rubatto and Hermann, 2007). Earthtime
ET100 standard solution analyzed during the period of these anal-
yses yielded a 296Pb/238U date of 100.1796 4 0.0066 Ma (MSWD
= 2.1; n = 20), within uncertainty of the recently reported inter-
laboratory calibrated value of 100.173 £ 0.003 Ma for this solution
(Schaltegger et al., 2021). Unless otherwise noted, all U-Pb ages
discussed in the text and figures are reported as Th-corrected
206pp238 ages.

Detailed methods for Hf isotope measurements can be found
in Appendix Text 2. Data reduction to obtain the '76Hf/177Hf ra-
tio included on-peak zero baseline correction, correction for mass
bias induced by the mass spectrometer measurement, correction
of isobaric interferences of 176Lu and '76Yb on 76Hf, and an off-
set correction by adjusting the 176Hf/77Hf ratio of the sample
for the observed difference between the measured (0.272172 =+
0.000014, n = 67) and preferred value of the ]MC475 Hf standard
(i.e. 0.282160; Nowell et al., 1998). The average 76Hf/'77Hf ratio
of all measured PleSovice solutions during the period of sample
analyses is 0.282479 + 0.000009 (n = 29), which translates to an
&Hf(y) value of -3.4 & 0.3 (2SD) at an age of 336.79 Ma (Widmann
et al,, 2019). This is identical within error to the proposed value
in literature of eHf(y) = -3.5 & 1.5 (Slama et al., 2008). The average
176Hf/177Hf ratio of all measured Temora-2 solutions during the
period of sample analyses is 0.282680 + 0.000014 (n = 21), which
translates to an ¢Hf(yy value of 5.3 & 0.5 at an age of 417.353 Ma
(Schaltegger et al., 2021), which is identical within error to the
proposed value in literature of ¢Hf(y) = 5.8 £ 0.3 (Woodhead et al.,
2004). The average '7Hf/177Hf ratio of all measured GJ-1 solutions
during the period of sample analyses is 0.282009 4 0.000014 (n
= 8), which translates to an ¢Hf(;) value of -14.2 £ 0.5 at an age
of 600.28 Ma (Schaltegger et al., 2021), which is identical within
error to the proposed value in literature of gHfiy) = -14.4 £ 0.2
(Morel et al., 2008). All eHf() uncertainties discussed in the text
and shown in figures are reported at the 20 uncertainty level. For
individual analyses with uncertainties below the variation of the
secondary standards, we report those uncertainties as &= 0.3 g¢Hffy),
which was the repeatability of PleSovice standards during the ana-
lytical period.

4. Results
Zircon crystals from all four bulk ignimbrites are typically eu-

hedral and prismatic (Fig. A1). Representative grains imaged using
cathodoluminescence exhibited textures including simple zonation,
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oscillatory zoning and sector zoning, and many grains exhibited
sharp contrast in CL response between zones (Fig. A2). Some im-
aged grains host mineral inclusions, such as apatite and feldspar.

4.1. ID-CA-TIMS U-Pb geochronology

Individual 2%6Pb/238U dates were Oligocene for all ignimbrites
but span a considerable range and include a considerable number
of normally discordant dates (Figs. 3 and 4; Table A1). A sample
of the Hells Mesa Tuff (SLC21-2) yielded 16 dates ranging between
32411 +£ 0.080 and 32.758 + 0.093 Ma (At = 0.347 Myr), with
three normally discordant dates in the older portion of the spectra.
Fifteen zircon dates from the La Jencia Tuff (SLC21-3) span be-
tween 29.153 £ 0.029 and 30.09 £+ 0.25 Ma (At = 0.927 Myr), and
all analyses are concordant within uncertainty except the oldest
grain. Eighteen crystals from the Lemitar Tuff (BL21-1) gave dates
ranging between 28.086 + 0.149 and 29.469 + 0.168 Ma (At =
1.383 Myr), with four normally discordant zircon and a plateau of
7 overlapping, concordant ages at the youngest portion of the age
spectra. Finally, 21 zircon grains analyzed from the South Canyon
Tuff (MMBT1) yielded 26Pb/238U dates between 28.024 + 0.079
and 32.526 4+ 0.028 Ma (At =4.502 Ma), with seven normally dis-
cordant zircon and three overlapping concordant analyses at the
youngest portion of the age spectra.

4.2. MC-ICPMS zircon Hf isotope geochemistry

The Hf isotope composition of zircon crystals from the nested
caldera cluster only yielded moderate dispersion, with no signif-
icant outliers (Fig. 5). Zircon from the Hells Mesa Tuff (SLC21-2)
yielded compositions range from -5.7 & 0.9 to -7.4 + 0.7 ¢Hf(y,
with almost all analyses overlapping within uncertainty. The eHf(
composition of fourteen zircon crystals from the La Jencia Tuff
(SLC21-3) ranged from -5.8 + 0.7 to -7.1 £ 0.5, with all analyses
overlapping within uncertainty. Nineteen crystals from the Lemi-
tar Tuff (BL21-1) yielded &Hf;) compositions ranging from -4.9 +
0.3 to -6.6 £+ 0.4, with more dispersion in ¢Hf composition than
observed in samples from the preceding two tuffs. Finally, zircon
from the South Canyon Tuff (MMBT1) yielded &Hf(y) compositions
ranging from -5.2 £+ 0.3 to -7.0 4 0.8, with the most dispersion in
eHf(y)y compositions of all the samples studied here.

5. Discussion

Zircon from the Socorro caldera complex yields heterogeneous
U-Pb dates and isotope compositions. Evaluation of these data in-
dicates that the U-Pb geochronology does not necessarily record
the evolution of magmas responsible for ignimbrite volcanism,
but rather, reflects volumetric mixing of ancient zircon material
with autocrystic zircon. The Hf isotope record is decoupled from
the geochronology, reflecting the composition of magmas during
the crystallization of autocrystic zircon due to volumetric mixing.
Overall, these data highlight the need for detailed, careful evalua-
tion of protracted age spectra when developing models for igneous
systems, while demonstrating the subtle, yet important, magma
genesis information hidden within the complicated zircon crystal
record.

5.1. Interpretation of U-Pb zircon ages from the Socorro caldera complex

Age spectra from samples of the Socorro caldera complex
present varying degrees of complexity, all samples yielded age
variance beyond a single statistical population. Therefore, estimat-
ing eruption ages of individual ignimbrites from such scattered
dates requires careful interpretation. Protracted age spectra within
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South Canyon Tuff (NMBT1) is normally discordant. See text for further discussion.

individual igneous samples can be caused by several factors, in-
cluding: (1) unmitigated Pb-loss due to non-ideal conditions of
chemical abrasion, such as in cases of very U-rich and metamict
zircon, leading to inaccurately young crystallization ages, (2) pro-
longed zircon growth within a single magma reservoir (autocrysts),
(3) inheritance of zircon and/or domains of zircon from previous
magmas within a long-lived magmatic locus (antecrysts), or (4) in-
heritance of ancient zircon from either wall rock or the anatectic
source (xenocrysts; e.g., Miller et al., 2007). The 12 hour, 210°C
chemical abrasion pretreatment used in this study has been shown
to be effective in mitigating Pb-loss (e.g., Widmann et al., 2019).
None of the samples’ age spectra yielded anomalously young ages,
and the youngest ages in the zircon spectra overlap within un-
certainty with the existing Ar-Ar geochronology (Fig. 4). We thus
conclude that Pb-loss is not a component causing apparent age
scatter.

The remaining three mechanisms, (1) prolonged autocrystic zir-
con growth, and inclusion of (2) antecrystic, or (3) xenocrystic
zircon material, can all result in protracted age spectra with indi-
vidual zircon dates within a volcanic rock that significantly predate
the period of eruption (e.g., Wotzlaw et al., 2013; Curry et al,,
2021; Gaynor et al., 2022a). Xenocrystic zircon mixtures (i.e., mix-
ing of two U-Pb reservoirs with distinctly different isotopic com-
positions), commonly yield normally discordant analyses when an-
alyzed with sufficient precision (e.g., Wotzlaw et al., 2015; Gaynor
et al.,, 2022a). A total of fifteen normally discordant dates are dis-
tributed across the four samples presented here, and all yielded
206pp 238y dates older than the youngest grain in their respec-

tive sample. Therefore, we interpret each sample to host a variable
abundance of xenocrystic inheritance, which can increase the total
duration of dates in a sample and yield dates that do not reflect
the magmatic history of their host eruptive rocks. It is also possible
that more grains analyzed in this study include xenocrystic inher-
itance, but our inability to identify their potential inheritance is
due to analytical uncertainty. The ability to resolve discordance is
commonly a function of precision, which is directly related to the
ratio of radiogenic Pb to common Pb (Pb*/Pb.) in high-precision
CA-ID-TIMS analyses (Gaynor et al., 2022a). Many of the zircon
analyses from samples in this study exhibit rather low Pb*/Pb. val-
ues (<10) due to their lower U abundances and insufficient time
for radiogenic ingrowth. Therefore, individual dates may be appar-
ently concordant due to higher 207Pb/23°U uncertainty, but still
yield 206Pb/238U dates older than magmatic crystallization of in-
terest due to xenocrystic inheritance. For example, zircon MMBT1
Z6 has the highest Pb*/Pb. within this dataset (Pb*/Pb. = 91.99)
and is normally discordant (Fig. 3), however if it had the average
composition of this dataset (Pb*/Pb. = 10.46), then it would be
concordant within uncertainty.

The remaining two possible drivers of the observed protracted
age spectra, antecrystic inheritance and protracted autocrystic
growth, are often associated with concordant zircon dates older
than the final phase of zircon crystallization. It is likely that all four
samples in this study are also affected by these two mechanisms,
as they all have concordant zircon dates far beyond the thresh-
old of a single statistical population. However, given the available
level of precision, it is not possible to analytically determine if
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kernel density estimates (KDEs) of the age spectra from each sample (B). Vertical bar heights are 20" analytical uncertainties for individual analyses. Unfilled boxes represent
normally discordant zircon analyses, all other analyses are concordant. Weighted mean interpreted ages for each ignimbrite eruption are presented with X/Y/Z notation, where
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decay constants added. Stars indicate “°Ar/3°Ar weighted mean sanidine ages of each eruptive unit from McIntosh et al. (1990), recalculated using the flux monitor age of
Kuiper et al. (2008). Uncertainties shown for the “°Ar/3%Ar analyses incorporate decay constant uncertainties, zircon data only show the analytical uncertainties associated
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Fig. 5. Comparison of the Hf isotope geochemistry and 2°6Pb/238U dates of individual zircon crystals from ignimbrite eruptions of the Socorro caldera cluster, including (A) the
South Canyon, (B) Lemitar, (C) La Jencia and (D) Hells Mesa tuffs, in order of youngest to oldest. Both the horizontal and vertical bar heights are 2o analytical uncertainties
for individual analyses. Unfilled circles indicate zircon which yielded normally discordant analyses. In some cases, uncertainty of the 2°6Pb/?38U dates on individual analyses
is smaller than the symbols used in the figure. There is not a correlation between the dates and Hf isotope geochemistry in any of the ignimbrite zircon analyzed.

some of the older concordant analyses are either: (1) the result of
mixing with variable volumes of recently crystallized zircon com-
ponents associated with a shared magmatic history (antecrysts or
autocrysts), or (2) the result of mixing with a volumetrically in-
significant amount ancient zircon (xenocrysts). Therefore, rather
than incorporate these protracted dates into interpretation of a ge-

ologically significant age, we interpret that the youngest cluster
of overlapping, concordant analyses reflect final zircon crystalliza-
tion within individual samples, thereby approximating the timing
of ignimbrite eruption (Fig. 4). Using this interpretation strat-
egy, we interpret that the Hells Mesa Tuff erupted at 32.442 +
0.015/0.017/0.039 Ma (SLC21-2; n = 8; MSWD = 1.2), La Jencia Tuff
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erupted at 29.158 £ 0.025/0.026/0.041 Ma (SLC21-3; n = 3; MSWD
= 0.41), Lemitar Tuff erupted at 28.217 £ 0.028/0.029/0.042 Ma
(BL21-1; n = 7; MSWD = 1.6) and South Canyon Tuff erupted at
28.066 £+ 0.021/0.023/0.038 Ma (MMBT1; n = 3; MSWD = 0.68).
These values only record the final crystallization of zircon within
each of the samples of volcanic rock studied here, and therefore
may be older than the exact timing of eruption. However, due to
their overlap with recalculated 4°Ar/3°Ar geochronology, we are
confident in this interpretation (Fig. 4).

As an alternative way to interpret a geologic age from com-
plicated zircon dates, recent work has suggested that integrating
the full range of zircon dates from given samples into statisti-
cal models, including autocrysts and antecrysts, can resolve the
thermal history of a system and yields the most probable solidifi-
cation or eruptive age integrated from the full zircon crystallization
history (e.g., Samperton et al., 2017; Keller et al., 2018). Many
of these models are predicated on all individual dates accurately
recording the magmatic processes that lead to the solidification
of that igneous rock. The presence of normally discordant dates
from tuffs of the Socorro caldera cluster do not support this as-
sumption, and therefore this dataset may serve as an example of
how the inappropriate application of these models can lead to spu-
rious and inaccurate interpretations of ages. Many of the older
dates within age spectra in this study are interpreted to contain
a xenocrystic component, which indicates that not all 205Pb/238U
dates necessarily reflect magmatic growth. The incorporation of
dates from xenocryst-bearing zircon artificially extends the growth
history and has the ability to produce younger modeled eruption
or solidification ages. For example, applying the Bayesian modeling
of Keller et al. (2018) to the South Canyon Tuff yields an eruption
age of 27.851 + 0.112 Ma, approximately 200 kyr younger than
the weighted mean plateau (Table A3). While both age interpreta-
tions agree with the previously published 4°Ar/3°Ar geochronology
due to its large uncertainty, the interpretation generated from the
Bayesian model would also suggest that there is not a zircon record
within our CA-ID-TIMS dataset of the final 100-300 kyr of mag-
matic evolution of the South Canyon Tuff prior to eruption. This
is unlikely, as thermal modeling and high-precision zircon stud-
ies suggest that the pre-eruptive residency of individual eruptive
magma bodies is on the scale of 10 s to 100 s of kyr, after which
most silicic magmas reach rheological lock up and are no longer
capable of eruption (e.g., Schopa and Annen, 2013; Barboni and
Schoene, 2014; Rioux et al., 2016; Schaen et al., 2021; Pamuk¢u
et al,, 2022). In some cases, when full textural characterization of
zircon is combined with high-precision dating and additional geo-
chemical data, it may be possible to validate the assumptions nec-
essary to use this sort of modeling approach to interpret a geologic
age of an igneous event. Given the data from the Socorro caldera
cluster, we urge caution with future work applying this technique
or similar techniques to complicated age spectra, as many datasets
may not have the precision or additional information necessary to
validate the fundamental assumptions needed to justify this mod-
eling approach.

5.2. Implications for magma genesis from protracted age spectra from
Socorro ignimbrites

There is significant temporal overlap within individual 2°6Pb/
2381 age spectra of the different ignimbrite samples in this study,
particularly between the South Canyon and the Lemitar tuffs
(Fig. 4); this kind of evidence has been used in many studies to
indicate that these igneous rocks may have shared a similar crys-
tal cargo of zircon, and potentially a shared genetic history (e.g.,
Wotzlaw et al., 2013; Gaynor et al, 2019; Szymanowski et al.,
2019; Curry et al., 2021; Pamukgu et al., 2022). More specifically,
these models bear on the space- and time-resolved presence of
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magmatic liquid, the total lifespan of transcrustal or upper crustal
magma systems, and the timeframe required for the magmatic
assembly of a supervolcano. Therefore, based on the nearly con-
tinuous zircon dates from the La Jencia, Lemitar, and South Canyon
tuffs (Figs. 3 and 4), application of this interpretive model would
suggest that the Socorro caldera cluster eruptions were fed from a
common, long-lived magmatic system that was active on a scale of
100s to 1,000s of kyr with significant melt fractions for almost 2
Myr.

However, the interpretation offered above ignores a fundamen-
tal aspect of these data: all analyzed zircon populations are com-
plicated by the presence of xenocrystic zircon domains, identified
through complicated CL imagery and normal discordance (Figs. 3 &
A2). While the presence of two separate decay chains is a unique
strength that allows for detection of multicomponent mixing in
U-Pb geochronology, the ability to do so is contingent on the pre-
cision achieved during analysis (Gaynor et al., 2022a). The overlap
of the 296pb/2381 dates of many grains analyzed in this study may
be due to variable volumetric mixing of autocrystic and xenocrys-
tic domains within the crystals, rather than actual coeval crys-
tallization of either autocrystic or antecrystic zircons sampled by
different eruptive cycles. The mixing of autocrystic and xenocrys-
tic domains scenario is supported by normally discordant analyses
of 206pp/238y dates that overlap with both concordant and further
normally discordant dates among the La Jencia, Lemitar, and South
Canyon tuffs (Fig. 3). There are also older concordant grains within
these age spectra, which may either include antecrystic inheritance
from earlier stages within the magmatic locus or inheritance of
xenocrystic zircon with 297Pb/2%Pb younger ages such that discor-
dance is not analytically resolved. Based on the obvious presence
of xenocrystic inheritance, the overlapping zircon age spectra from
different ignimbrite eruptions likely do not indicate a shared, long-
lived parental magma system or preserve a thermal record of the
magmatic locus, and it may be wrong to interpret that the con-
cordant analyses all reflect accurate magmatic dates. Instead, we
suggest it only demonstrates that all ignimbrite magmas of interest
host minor amounts of xenocrystic inheritance, and that overlap
between the age spectra of different eruptions is just a function of
that inheritance.

While the abundance of normally discordant zircon does not
necessarily inform us about the magmatic evolution of this vol-
canic center, it does bear on the evolution of the ignimbrite
flare-up. There is an overall increase in the abundance of nor-
mally discordant zircon throughout the eruptive sequence of the
caldera cluster, paralleled by an increase in the dispersion of the
age spectra (At; Fig. 4). The oldest 2°6Pb/?38U date in each sam-
ple is not necessarily normally discordant. However, samples with
more protracted spectra also tend to contain more normally dis-
cordant dates, suggesting that progressively higher At values re-
sult from the increasing presence of xenocrystic content. The two
mechanisms to incorporate xenocrystic zircon into a melt are ei-
ther through assimilation of crustal wall-rock via assimilation (e.g.,
Gaynor et al, 2022b), or entrainment during lower crustal ana-
texis (e.g., Clemens et al., 2011). Assimilation thermodynamically
induces crystallization of the host magma (Glazner, 2007), such
that a significant proportion of zircon material liberated from wall-
rock will be unlikely to mix into the pre-eruptive magma system
and become incorporated into ascending, pre-eruptive antecrystic
or autocrystic zircon growth. Entrainment of zircon material com-
monly occurs during partial melting (e.g., Clemens et al.,, 2011),
suggesting that anatexis of zircon bearing lower crust is the pri-
mary way to introduce xenocrystic material to magmas. Therefore,
we interpret the increasing xenocrystic zircon content with time
in the Socorro caldera cluster ignimbrites to record increasing de-
grees of anatexis of zircon-bearing lower crust during the magma
genesis of later magmas.
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The data presented here record lower crustal processes during
the evolution of the ignimbrite-producing center that formed the
Socorro caldera cluster, rather than purely reflecting its middle to
upper crustal magmatic history. In this proposed model, changes
in zircon geochronology through the eruptive sequence are a func-
tion of magma genesis rather than magma evolution; driven by
changes in melting alongside changes in crystallization. Therefore,
xenocrystic domains stored in some zircon crystals retain impor-
tant information about the melt generation. Moreover, wholesale
application of these or similar U-Pb datasets to thermal-magmatic
history modeling of eruptive rocks is inappropriate because the
magmatic historical record is adulterated by older material.

One of the reasons the xenocrystic domains in this study are
resolvable through normal discordance is because of the signifi-
cant age difference between the volcanic rocks and their potential
anatectic sources. The Socorro caldera cluster is located within a
Proterozoic terrane composed largely of 1.4 and 1.6 Ga basement
(Karlstrom et al., 2004). Therefore, mixing between basement age
zircons and the Oligocene magmatism decouples 2%6Pb/238U and
207pp 235y systematics such that two-component mixing is visi-
ble in concordia space. In young volcanic arcs, the potential offset
between the two isotopic decay schemes may be analytically un-
resolvable due to the small temporal difference between the two
age components. Furthermore, less precise analytical techniques,
such as laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICPMS) or secondary ion mass spectrometry (SIMS), may
not yield the precision to sufficiently assess concordance. There-
fore, we urge extreme caution when using analytically protracted
zircon age spectra for modeling magma evolution, as many of the
data points used may not be faithful to the melt of interest.

5.3. Zircon Hf isotope record of ignimbrite generation

A further way to assess genetic relations between the zircon
crystal loads of successive eruptions is comparison of the U-Pb and
Hf isotope systematics from Socorro caldera zircon. In particular,
the Hf isotopic compositions of dated zircon have the ability to po-
tentially identify xenocrystic components of crustal, non-radiogenic
origin or trace the magma composition from which zircon crystal-
lized. In theory, this provides a tool to determine which portions of
a protracted age spectra specifically relate to the magmatic history,
allowing for the identification of the magmatic dates and compo-

sitions to model melt evolution. If ancient, inherited zircon cores
are the cause for older U-Pb dates, then the Hf isotope composi-
tion of those grains should be less radiogenic (e.g., Hawkesworth
and Kemp, 2006). However, there is no correlation between zircon
dates and Hf isotope compositions, regardless of U-Pb concordance.
Rather, the data show a range of Hf compositions independent of
date in all four samples (Fig. 5).

Recent work has demonstrated that high-precision CA-ID-TIMS
U-Pb data can detect two-component mixing with excellent analyt-
ical precision (Gaynor et al., 2022a). Therefore, we can test the sen-
sitivity of Hf isotope compositions relative to U-Pb dates through
a mixing model involving the youngest concordant zircon analyzed
from the South Canyon tuff (Z4; 296Pb/238U = 28.024 + 0.079 Ma,
eHf(y) = 6.5 £ 0.5) and a hypothetical inherited 1.46 Ga zircon with
eHf(y) = -20, typical of basement in and around the Socorro caldera
cluster (Karlstrom et al., 2004; Goodge and Vervoort, 2006) as end-
members. This simple binary mixing model shows that mixing less
than 0.1% of the Proterozoic zircon composition significantly shifts
the 296pb/238U age towards older values, well beyond the preci-
sion resolved by CA-ID-TIMS and yields normal discordance within
the U-Pb system (Fig. 6). Conversely, the Hf isotope composition
of these hypothetically mixed grains still overlaps within uncer-
tainty with the Oligocene end-member, given the average 0.4¢ 20
uncertainties found in this study (Fig. 6). In this model, a Hf iso-
tope composition that would resolve the two-component mixing
(i.e., no overlap with the Oligocene Hf composition within un-
certainty), would correspond to a normally discordant 206Pb/238y
date of 120.36 Ma, which is much older than any grain analyzed
in this study. Furthermore, given the age difference between the
Proterozoic basement and the Cenozoic volcanic rocks, xenocrys-
tic inheritance was likely minor and contributed significantly less
than 1% volume to individual crystals in this model. Otherwise,
zircon ages would be much older (Fig. 6). While the subtle level
of xenocrystic inheritance observed in our data is resolvable by
high-precision U-Pb CA-ID-TIMS analyses and revealed by normal
discordance in these data (Fig. 3), it is not resolvable in the Hf data
due to the analytical limitations (Fig. 6).

Based on this mixing relationship, the measured Hf isotopic
compositions in this study are unresolvable from their dominant
volumetric mixing component, and therefore reflect the composi-
tion of the autocrystic/antecrystic domains or grains within mea-
surement uncertainty. This indicates that the heterogeneity of Hf
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Fig. 7. Kernel density estimate (KDE) diagram of Hf isotope geochemistry of indi-
vidual zircon crystals from the four ignimbrite eruptions analyzed from the So-
corro caldera cluster: the South Canyon, Lemitar, La Jencia and Hells Mesa tuffs,
from youngest to oldest. Note the younging trend of the data becoming more dis-
persed and juvenile through successive eruptions. We interpret this to record the
magma sources becoming more heterogeneous and incorporating more juvenile in-
put through time. See text for discussion.

isotope compositions between zircon grains of slightly different
206pp 238y dates records variability in Oligocene magmatic pro-
cesses, and likely holds important information about the magmatic
composition(s) of ignimbrite magmas during zircon crystallization
(Figs. 5 and 7). Zircon Hf isotope compositions of the first two
eruptions, the Hells Mesa and La Jencia tuffs, are characterized
by little dispersion, with mean values at approximately -6.2 and
-6.5 ¢Hf, respectively. Next, the younger Lemitar Tuff has a main
population of zircon with compositions around -6.2 ¢Hf, with a
lesser population at approximately -5.3 eHf. Finally, the youngest
volcanic unit in this study, the South Canyon Tuff contains zir-
cons that are essentially bimodal, with populations at -6 and -5.25
eHf. Through the approximately 4.4 Myr eruptive sequence, zircons
exhibit increasing heterogeneous Hf isotope compositions within
individual eruptions, and there is an overall shift towards more
positive values. Therefore, the magmatic inputs for these successive
ignimbrite eruptions became more heterogeneous through time
and incorporated increasingly juvenile sources. This is consistent
with previous work that documented a trend towards increasingly
juvenile magma sources through the evolution of the Rio Grande
rift system (Lawton and McMillan, 1999; McMillan et al., 2000).

5.4. Sampling Myr scale lower crustal evolution through ignimbrite
zircon

Zircon from the Socorro caldera cluster reflect the broader evo-
lution of ignimbrite magma genesis over the course of approx-
imately 4.3 Myr, and a period of significant change in magma
genesis over approximately 1.1 Myr. Combining U-Pb and Hf iso-
tope systems in these crystals yield three major observations of
the evolving magma genesis for the Socorro caldera cluster: (1) in-
creased juvenile magmatic input through time identified through
Hf isotopes (2) increasing heterogeneity in Hf isotope composi-
tions, and (3) increased incorporation of ancient crustal material
through entrainment of zircon material.

Models for the Oligocene-Miocene magmatic flare-up in south-
western North America, which the Socorro caldera cluster is a
part of, propose the introduction of large volumes of lithospheric
mantle melt to the lower crust, and both domains contributed to
subsequent ignimbrite magmatism (e.g., Farmer et al., 2008). Ther-
mal modeling of lower crustal melting indicates that the ability to
generate protracted magmatism, such as the 4.3 Myr of ignimbrite
volcanism of the Socorro caldera cluster, requires prolonged melt
injections (e.g., Annen et al., 2006). Therefore, to generate the ob-
served magmatism, the lower crust would have been repeatedly
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intruded by juvenile melts, hybridizing the lower crust through
time, and driving a compositional change. As the region of melt-
ing increasingly incorporated juvenile material, subsequent melting
events had an increased ability to incorporate this newly injected
material, either through remelting or directly contributing to as-
cending melts. This signal is reflected in the overall shift towards
more juvenile Hf isotope compositions through successive ign-
imbrites (Fig. 7).

The later phases of melt generation also sampled a more het-
erogeneous suite of source rocks, due to this process of progres-
sive mafic injection (Fig. 7). Continued structurally deep addition
of juvenile melts would progressively provide heat and volatiles,
allowing for crustal melting of the regions surrounding mafic in-
jections, assimilating more evolved compositions into the region
of magma genesis (e.g., Petford and Gallagher, 2001; Annen and
Sparks, 2002). Given the relatively non-radiogenic Hf composi-
tion of crustal reservoirs, it is unlikely that these domains were
the dominant contributions to the zone of magma genesis once
readily fusible through conditions induced by juvenile recharge
in the deep crust. Rather, isolated regions of assimilation con-
tributed lesser percentages to the overall plumbing network of
magma genesis but were unable to be thoroughly mixed during
ascent and crystallization prior to eruption. Similar models have
been applied to interpret complicated zircon geochemistry during
extensive granite formation in the upper crust (Farina et al., 2018).
Zircon from the Socorro caldera cluster ignimbrites records a suite
of diverse melt signatures during large scale melting of heteroge-
neous sources, which eventually coalesced into a magma body that
produced ignimbrite eruptions, sampling more diverse source rocks
during progressive melting due to continued addition of heat and
volatiles.

This more heterogeneous phase of melting is also revealed
through increasing xenocrystic inheritance in zircon through suc-
cessive eruptions, indicative of incorporation of more zircon bear-
ing rocks during magma genesis (Fig. 3). Modeling suggests that
new zircon crystals may not immediately begin crystallizing upon
saturation, and the ability to nucleate new crystals is inhibited by
proximity to other zircon crystals (Sorokin et al., 2022). Therefore,
any domains of xenocrystic zircon introduced to the magma sys-
tem via anatexis likely serve as nucleation points for subsequent
crystal growth, the earliest sites of potential zircon growth follow-
ing magmatic saturation of the phase. The size and abundance of
these components available for subsequent zircon crystallization is
a function of source rock and magma composition as well as du-
ration of time spent in zircon dissolving conditions, and therefore
the increasing abundance of xenocrystic components through the
evolution of the magmatic center serves as a distinct signature of
changing magma provenance through time. Overall, these zircon
isotope signals reflect the fundamental restructuring of the lower
crust through the generation of caldera forming magmatism, re-
vealing short-term geochemical evolution of the crust.

6. Conclusions

High-precision CA-ID-TIMS U-Pb geochronology and MC-ICPMS
Hf isotope geochemistry of zircon from four ignimbrites of the
nested caldera complex near Socorro, New Mexico yielded com-
plicated isotope geochronology and geochemistry, with analytically
resolvable scatter. The intrasample 206Pb/238U age variations are
at least partially due to the incorporation of ancient zircon ma-
terial during crystallization. However, resolving this inheritance
through normal discordance is only possible due to the signifi-
cant age difference between Proterozoic basement material and
Oligocene volcanic rocks, and the high precision of this dataset.
The scatter in initial Hf isotope compositions is unlikely to have
been caused by this contamination based on simple binary mix-
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ing. Instead, it reflects the isotopic heterogeneity of the melts that
crystallized zircon prior to ignimbrite eruption, and Hf isotopes are
unlikely to reveal subtle xenocrystic inheritance. Together, these
data highlight the issues with models that infer extended lifespans
for igneous plumbing systems based on protracted age spectra, as
they may not accurately record the magmatic history. This is be-
cause the protracted nature of these age spectra may be due to
cryptic inheritance of volumetrically minor material, yielding in-
accurate estimates and rates of magmatic histories. Models that
do not consider xenocrystic inheritance potentially miss the criti-
cal geologic signal within these protracted age spectra of magma
genesis captured through inclusion of incomplete dissolution of
anatectic products. In the Socorro caldera cluster, the increasing
abundance of inherited zircon through the eruptive sequence indi-
cates a shift in magma genesis through time, incorporating more
partial melting of zircon bearing rock. This is paralleled by a shift
in initial Hf isotope compositions. This shift indicates that the over-
all composition of the melt zone for the eruptive sequence became
more juvenile through time. This likely drove volcanism as pro-
gressive injections of mafic material into the lower crust melted
increasingly heterogeneous material, recording deeper processes
than upper crustal crystallization. These data highlight that the zir-
con cargo of igneous rocks may not just record crystallization of
magma from the onset of zircon saturation, but also contain a de-
tailed history of igneous rock, which stretches from magma genesis
to final solidification.
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