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ABSTRACT

Clinopyroxene is a rock-forming mineral that commonly hosts melt inclusions in mafic
to intermediate composition volcanic and plutonic rocks. It is highly resistant to alteration
compared to other co-existing phenocrysts such as plagioclase. Several recent studies have
“Ar/#Ar dated clinopyroxene in Neoproterozoic to Miocene basalts and dolerites. To assess
the viability of the technique at the youngest end of the geologic time scale, we performed
“Ar/*Ar incremental heating experiments on clinopyroxene-hosted melt inclusions from a
variety of mafic lithologies and tectonic settings. Most samples produced precise plateau ages
including several Quaternary basalts to andesites as young as 0.6 Ma. All data are indistin-
guishable from new and/or published *Ar/*Ar ages on groundmass or plagioclase from the
same samples. The source of potassium (K) and resulting “Ar* within clinopyroxene has
been debated, but thus far has only been inferred based on “Ar/*Ar data. Using electron
probe microanalysis (EPMA) we show that there is negligible K in the clinopyroxene host,
but substantial K (e.g., 1-4 wt%) in trapped melt inclusions and minor amounts in plagio-
clase inclusions. Thus, melt inclusions, which are common in phenocrysts in basaltic magmas,
can be used to obtain accurate and precise “Ar/*Ar ages for difficult-to-date volcanic and

plutonic rocks from the Precambrian to the Pleistocene.

INTRODUCTION

More than half of Earth’s surface is covered
by mafic oceanic crust and other mafic terranes
(ophiolites, flood basalts, exposed arc crust).
Precise geochronologic constraints for mafic to
ultramafic magmatic systems are often limited
due to a lack of U-Th-Pb-bearing minerals (e.g.,
zircon, baddeleyite, rutile, titanite; Scoates et al.,
2021) or a lack of fresh plagioclase, which often
alters to sericite yielding “°’Ar/*Ar ages associ-
ated with the time of hydrothermal alteration
(Verati and Jourdan, 2014; Jiang et al., 2021).

Clinopyroxene, on the other hand, is found
in mafic volcanic and plutonic rocks from many
terrestrial settings (ocean islands, volcanic arcs,
intraplate regions, etc.). It is often utilized in
igneous petrology as a thermometer (e.g., Lind-
sley and Andersen, 1983), a hygrometer (Wade
et al., 2008), a barometer (e.g., Putirka, 1999,
2008), a recorder of magma ascent rates (Lloyd
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et al., 2016; Ubide et al., 2019), and for cosmo-
genic (*He and '°Be) exposure age chronology
(e.g., Craig and Poreda, 1986; Balter-Kennedy
et al., 2023). Traditionally, clinopyroxene has
not been a preferred mineral for “Ar/*Ar dat-
ing due to its extremely low potassium content
and high calcium content, the latter of which
results in very large *’Ar signals that can be
implanted in the mass spectrometer causing
analytical noise.

“Ar/*Ar age determinations had previously
only been obtained on very old clinopyroxene
in chondrites and/or achondrites (e.g., Ken-
nedy et al., 2013), eclogites (e.g., Wang et al.,
2000), or as inclusions in diamonds from kim-
berlites (Phillips et al., 1989, 2004; Burgess
et al., 2004). However, three recent studies
(Ware and Jourdan, 2018; Konrad et al., 2019;
Zi et al., 2019) have shown that Neoprotero-
zoic to Miocene clinopyroxene phenocrysts
can now be precisely “’Ar/*Ar dated due to
the improved collector/amplifier technology in
multi-collector noble gas mass spectrometers
(e.g., Cox et al., 2020).

The source of K and radiogenic daugh-
ter product (**Ar*) in clinopyroxene has been
unclear. Ware and Jourdan (2018) compared
the signal intensities during analyses of pyrox-
ene and plagioclase from the same sample and
conducted numerical modeling to suggest that
pure pyroxene was dated. Conversely, Konrad
et al. (2019) interpreted the K/Ca spectra to
reflect the presence of a high-K phase within the
clinopyroxene, such as nanoscale silicate min-
eral inclusions along grain defects or secondary
melt inclusion bands. However, neither of these
studies attempted to quantify the source(s) of K
within the clinopyroxene.

We used scanning electron microscope
(SEM) imaging and energy-dispersive X-ray
spectroscopy (EDS) to characterize the identity
and distribution of mineral inclusions in clinopy-
roxene, along with electron probe microanaly-
sis (EPMA) to quantify the sources of K and
subsequent *“*Ar* within clinopyroxene. This
characterization approach facilitates the use of
clinopyroxene-hosted K-rich melt inclusions,
which produce precise “*Ar/*Ar ages for mafic
rocks spanning most of the geologic time scale
that otherwise may not be dated with other geo-
chronologic techniques.

METHODS
Sample Selection and Characterization of
Clinopyroxene and Inclusions

The analyzed clinopyroxenes came from 11
mafic samples (10 volcanic, 1 plutonic) from the
Aleutian arc (Powers et al., 1960; Jicha et al.,
2006, 2012; Schaen et al., 2016; Coombs and
Jicha, 2021), the Central American arc (Jicha
and Hernandez, 2022), and from seamounts
fed by the Hawaiian mantle plume (Jicha et al.,
2018). Most samples were chosen because there
are published “°Ar/*Ar age constraints from
other K-bearing phases such as plagioclase or
groundmass. None of the clinopyroxene crystals
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showed evidence of alteration or exsolution
under a binocular microscope or SEM at the
millimeter to micrometer scale.

Clinopyroxene crystals were mounted in
2.5-cm-diameter round epoxy mounts, ground to
the interior of the crystals, polished, and coated
with 20 nm of carbon. A Hitachi S-3400N Type-
II Variable Pressure SEM was used under high
vacuum at <1 Pa with a 15 kV accelerating volt-
age and 10 mm working distance to investigate
each clinopyroxene crystal and its inclusions.
Because plagioclase and melt inclusions have
similar backscattered electron contrast, EDS
spectra were used to identify and qualitatively
assess the compositions of the inclusions.

A Cameca SX-Five FE-EPMA was used to
(1) quantify the trace K concentration in the
host clinopyroxene, and (2) measure the major
and minor element content of mineral and melt
inclusions. Details of the EPMA methodology,
including analysis conditions, primary stan-
dards, and evaluation of reference materials, are
provided in the Supplemental Material.!

“Ar/¥Ar Methods

Clinopyroxene (150-1500 pm) was ultra-
sonically leached in 3 M HCI for 10 min,
rinsed repeatedly with deionized water, and
then hand-picked under a binocular micro-
scope. The purified separates were irradiated
in the cadmium-lined in-core tube at the Oregon
State University (Corvallis, USA) reactor. The
1.1864 Ma Alder Creek sanidine (Jicha et al.,
2016) or the 28.201 Ma Fish Canyon sanidine
(Kuiper et al., 2008) were used as a neutron flu-
ence monitor for 2-50 h irradiations.

ISupplemental Material. “*Ar/*Ar data tables and
diagrams. Please visit https://doi.org/10.1130/GEOL
.S.25057754 to access the supplemental material;
contact editing @ geosociety.org with any questions.

“Ar/¥Ar analyses were conducted in the
WiscAr Geochronology Laboratory at the Uni-
versity of Wisconsin—Madison (USA). Clino-
pyroxene aliquots (12-37 mg) were placed in a
5-mm-diameter well in a copper tray and incre-
mentally heated with a 55 W CO, laser. The gas
released during each heating step was cleaned
with two SAES GP50 getters (50 W, 400 °C) and
an ARS cryotrap (at —125 °C). Isotopic analy-
ses were done using an Isotopx NGX-600 mass
spectrometer (Mixon et al., 2022). Because it is
critical to assess any subtle changes in instru-
ment and/or background conditions during anal-
yses of these challenging, low-K samples, we
measured a blank and an aliquot of air before
and after every sample heating step for calibra-
tion. All of the “°Ar/*°Ar ages are calculated
using the decay constants of Min et al. (2000)
and are reported with 20 analytical uncertainties,
including the J uncertainty (e.g., Schaen et al.,
2020; see the Supplemental Material).

RESULTS
Clinopyroxene and Inclusion Compositions

Transects consisting of six EPMA analy-
ses were performed across the long axis of ten
clinopyroxene crystals in each sample (i.e., 60
analyses/sample). All of the clinopyroxene are
augite or titano-augite (Table 1), and none were
chemically zoned. All analyzed clinopyroxene
crystals yielded K concentrations below the
detection limit (6 ppm).

Small inclusions (plagioclase, ilmenite, mag-
netite, apatite, and trapped melt), which range
from <5 pm to 40 pm in diameter, were observed
in the clinopyroxene in the seven samples we
analyzed (Fig. 1; see the Supplemental Mate-
rial). Clinopyroxene in samples 90T072B and
14AKMCO064 were inclusion-free or contained
very few inclusions (1-6 per polished crystal sur-
face). In contrast, samples 72-20-AA and ES-13-

03 contained abundant small inclusions (ilmen-
ite/magnetite > plagioclase > melt) (Fig. 1).

Most melt inclusions have andesitic to
dacitic major element compositions (Table 1;
Fig. 1), whereas those from two samples (ES-13-
03, TAN-07-21) are rhyolitic, one of which has
an average of 3.5 wt% K,O. The major element
compositions of the plagioclase inclusions are
generally similar (Table 1). The K,O contents
of individual plagioclase inclusions range from
0.04 to 0.90 wt%, with an average plagioclase
KO content of 0.3-0.6 wt% per sample.

“Ar/Ar Incremental Heating

Incremental heating experiments from 9 of 11
samples produced “Ar/*Ar plateau ages rang-
ing from 30.73 4 0.46 Ma to 0.62 &+ 0.04 Ma
(Fig. 2; see the Supplemental Material). Because
all of the isochrons have intercepts that are within
uncertainty of the atmospheric value (Fig. 2), the
plateau ages are preferred. Experiments on two
samples, a 253 ka basalt (TAN-07-21) and a
365 ka basaltic andesite (14AKMC064), yielded
negligible amounts of radiogenic Ar, and thus
no age information could be obtained from the
clinopyroxene in these very young samples.
Because four of the rocks from which we dated
clinopyroxene-hosted melt inclusions did not
have any published age information, we also
performed incremental heating experiments on
groundmass or plagioclase from these samples.
The ages from these phases are indistinguishable
from the clinopyroxene ages in the same sample
(Fig. 2; see the Supplemental Material).

DISCUSSION
“Ar/¥Ar Dating of Clinopyroxene-Hosted
Melt Inclusions from the Pleistocene to the
Precambrian

Prior to our work, the youngest clinopy-
roxene “°Ar/*Ar age that has been corrobo-

TABLE 1. AVERAGE COMPOSITIONS OF CLINOPYROXENE SAMPLES AND THEIR INCLUSIONS (wt%)

Sample Host cpx/ SiO, TiO, ALO, FeO MnO MgO CaO Na,O K,O Cr,0, Total
inclusion
12AKMC028 cpx n =60 49.86 0.64 3.98 8.72 0.28 15.23 20.50 0.37 - 0.05 99.62
plag inc. n=9 54.04 0.07 28.20 1.24 0.02 0.12 11.26 4.85 0.31 - 100.10
melt inc. n=25 64.60 0.42 19.76 1.92 0.09 0.27 3.03 6.19 2.04 - 98.31
14AKMC064 cpx n =60 50.31 0.58 3.51 9.60 0.38 15.17 19.83 0.37 - 0.00 99.76
plag inc. n=1 51.86 0.03 30.35 0.92 0.02 0.05 13.08 3.91 0.19 - 100.41
melt inc. n=4 58.72 0.19 20.65 2.07 0.07 1.94 8.09 6.64 0.81 - 99.17
OGL-13-02 cpx n =60 47.82 0.88 7.01 762 0.16 14.08 21.78 0.39 - 0.07 99.81
plag inc. n=4 53.21 0.10 28.45 1.33 0.01 0.17 12.10 4.51 0.39 - 100.29
melt inc. n=9 60.25 1.01 20.65 2.69 0.10 110 4.82 4.80 1.11 - 96.54
90T072B cpx n =60 48.48 1.84 5.03 6.95 0.12 14.76 21.73 0.45 - 0.40 99.76
melt inc. n=9 64.39 0.47 20.84 0.87 0.07 0.40 1.86 6.57 2.34 - 97.81
ES-13-03 cpx n=60 51.70 0.31 1.26 10.31 0.60 14.50 20.58 0.37 - 0.00 99.63
plag inc. n=10 57.66 0.02 26.75 0.63 0.01 0.04 8.98 6.04 0.64 - 100.76
melt inc. n=20 75.13 0.14 14.05 0.44 0.03 0.02 0.47 4.01 3.55 - 97.85
72-20-AA cpx n =60 48.89 2.10 3.99 8.59 0.17 14.16 21.20 0.54 - 0.01 99.66
plag inc. n=16 55.07 0.21 28.07 0.83 0.01 0.09 10.31 5.30 0.48 - 100.38
melt inc. n=7 62.60 0.30 22.09 0.80 0.02 0.31 1.28 8.90 2.25 - 98.55
TAN-07-21 cpx n =60 47.60 0.91 71 71 0.13 13.95 22.73 0.31 - 0.09 99.95
plag inc. n=18 51.86 0.07 30.62 0.98 0.01 0.07 13.42 3.69 0.28 - 101.01
melt inc. n=5 70.03 0.13 18.14 0.33 0.03 0.20 1.82 6.35 1.43 - 98.47

Note: cpx—clinopyroxene; plag—plagioclase; inc.—inclusion. Dashes represent below detection limit. Average clinopyroxene compositions are based on six analyses
per crystal in 10 crystals per sample. All clinopyroxene analyses had potassium contents that were below the detection limit of 6 ppm (0.0006 wt%).
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Figure 1. (A, B) Backscattered electron images of clinopyroxene (cpx; green outline) and melt (orange outlines) and plagioclase (plag; blue
outlines) inclusions. (C, D) Melt inclusions can be as large as 40 um, occasionally contain vapor bubbles, and have andesitic to rhyolitic
compositions with up to 3.5 wt% K,O. (E) Energy-dispersive X-ray spectroscopy (EDS) spectra of a typical melt inclusion. (F) EDS spectra of
a host clinopyroxene. All quantitative data are from electron probe microanalysis (EPMA) analyses; EDS spectra are shown for qualitative

element identification.

rated by data from another co-existing phase is
47.4 + 2.9 Ma (Konrad et al., 2019). However,
Konrad et al. (2019) obtained clinopyroxene
ages as young as 11.5 &+ 1.0 Ma, which agree
with the volcanic stratigraphy. Our “°Ar/*°Ar
data from both clinopyroxene and groundmass
or plagioclase within the same sample demon-
strate that clinopyroxene-hosted melt inclusions
can be used to obtain “°Ar/**Ar ages as young
as 0.6 Ma (Fig. 3). The <0.6 Ma samples that
failed to yield sufficient “*Ar* had very few
trapped melt inclusions (see the Supplemental
Material). Our results, coupled with previously
published “Ar/*Ar data (Ware and Jourdan,
2018; Konrad et al., 2019; Zi et al., 2019), indi-
cate that melt inclusions within clinopyroxene
can provide precise and accurate “*Ar/*°Ar ages
for ultramafic to intermediate volcanic and plu-
tonic rocks from the Pleistocene to the Precam-
brian (Fig. 3).

Source of K and Radiogenic “’Ar* within
the Clinopyroxene

The source of K and daughter product “Ar*
in clinopyroxene has been a matter of debate.
Based on the K/Ca spectrum shape and the high

closure temperature of clinopyroxene (730 °C;
Cassata et al., 2011), Konrad et al. (2019) sug-
gested that their “°Ar/**Ar data are likely the
result of degassing of a phase trapped within the
crystal. Primary melt inclusions were ruled out
as they argued that these inclusions could carry
the “°Ar/*Ar signature of the mantle, which is
several orders of magnitude higher than the
that of the atmosphere. Konrad et al. (2019)
suggested that either secondary melt inclusion
bands or nanoscale silicate inclusions along
grain defects and/or cleavage planes are the best
candidates to harbor K and “Ar*.

In contrast, Ware and Jourdan (2018) sug-
gested that the distinct “stair step” K/Ca spec-
trum shape and *°Ar release pattern through-
out their experiments are due to a difference
in Ca concentration between the augite (high-
Ca pyroxene) and pigeonite (low-Ca pyrox-
ene) within grains. They also noted that pla-
gioclase inclusions, if present, would have to
be nanocrystalline in size. Thus, both Konrad
et al. (2019) and Ware and Jourdan (2018)
invoked the presence of nanosilicate inclu-
sions, which would be volumetrically insig-
nificant and unlikely to produce the 3°Ar sig-
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nals observed during incremental heating of the
clinopyroxene.

In each of the recent studies involving
“Ar/*Ar dating of clinopyroxene, no quantita-
tive chemical analyses of the inclusions or the
host clinopyroxene were performed. Our EPMA
measurements indicate that there is negligible K
in the augite phenocrysts, but substantial K (up
to 4 wt%) in trapped primary melt inclusions
that range from <5 pm to 40 pm in diameter, and
minor amounts of K (average 0.3-0.6 wt% K,0)
in plagioclase inclusions (Fig. 1). Moreover,
the inclusions give isochrons with atmospheric
“Ar/*%Ar intercepts, which is in contrast to the
suggestion of Konrad et al. (2019) that primary
melt inclusions would have mantle-like “’Ar/*Ar
ratios. Assuming the primary melt inclusions
are the source of the measured *Ar at low- to
mid-temperature heating steps, the atmospheric
intercepts also imply that clinopyroxene crystal-
lization and entrapment of primary melt inclu-
sions likely occurred at shallow depths during
magma storage and degassing in the upper crust.

To further quantify the K budget in clino-
pyroxene, we used ImagelJ software (https://
imagej.net/software/imagej/; Schneider et al.,
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Figure 2. Representative “°Ar/**Ar incremen-
tal heating age spectra, K/Ca variation, and
inverse isochron diagrams for Oligocene to
Quaternary clinopyroxene. Arrows indicate
the selected plateau range. All uncertain-
ties are displayed at the 26 confidence level.
MSWD—mean square of weighted deviation.

2012) to estimate the area fraction of K-rich
inclusions within 610 clinopyroxene crystals
from each sample, and they range from ~2%
to >5%. This translates to ~200-500 ppm K
within each crystal assuming an average K,O
content of ~1 wt% for the melt + plagioclase
inclusions. Therefore, we interpret the different
K/Ca spectra patterns in each of our analyses
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Figure 3. Comparison of “°Ar/**Ar age determinations from clinopyroxene (cpx) and other
co-existing phases. A dashed 1:1 line is shown for reference. Age determinations from this
study are in orange. Inset is a continuation of the plot to 800 Ma showing the data of Konrad
et al. (2019) (blue), Ware and Jourdan (2018) (green), and Zi et al. (2019) (yellow). All data sets
show excellent agreement between the clinopyroxene “Ar/**Ar ages and co-existing phases

down to 0.6 Ma.

to be a function of the variable proportions of
K-bearing inclusions in each sample combined
with the custom laser heating schedules used
to degas the samples. The percent **Ar pat-
terns and shape of the age spectra are gener-
ally similar (Fig. 2). The first 50%—-70% of the
¥Ar released contains the most precise steps,
which is primarily attributed to the degassing
of the melt inclusions. Expansion of the melt
inclusions upon magma decompression may
result in the development of fractures within
the host clinopyroxene along the margins of the
melt inclusions, which may serve as an initial
pathway for gas to escape during laser heat-
ing. Larger melt inclusions are more likely to
crack their mineral host (Kent, 2008). The high
temperature steps often have very large uncer-
tainties and give older ages, and likely reflect
degassing of the plagioclase inclusions contain-
ing excess Ar or the clinopyroxene itself, both
of which are consistent with the large observed
37Ar signals. These steps cannot be attributed to
the presence of another more Ca-rich pyroxene
(e.g., Ware and Jourdan, 2018) because we did
not observe any exsolution or compositional
zoning in our clinopyroxene samples.

CONCLUSIONS AND FUTURE
OPPORTUNITIES

Multi-collector noble gas mass spectrometers
with improved collector/amplifier technology
are expanding the capabilities of the “Ar/*Ar
chronometer. “°Ar/**Ar incremental heating
experiments performed on clinopyroxene-hosted
melt inclusions in mafic to intermediate rocks
from various tectonic settings produced pre-
cise plateau ages, including Quaternary basalts
to andesites as young as 0.6 Ma. All data are
indistinguishable from new and/or published
“OAr/¥Ar ages on co-existing minerals within
the same samples. “°Ar/*Ar data from an Aleu-
tian gabbro suggest that clinopyroxene could be
a useful high-temperature chronometer in mafic
to ultramafic plutonic systems, including those
where K-rich phases or zircon are limited or
absent (e.g., layered mafic intrusions, ophiolites,
lower arc crust). SEM characterization of the
clinopyroxene indicates the presence of small
inclusions, which range from <5 pm to 40 pm
in diameter, that vary in abundance and compo-
sition. EPMA reveals negligible K in the clino-
pyroxene host, but substantial K (up to 4 wt%)
in trapped melt inclusions and minor amounts
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in plagioclase inclusions. K-rich melt inclusions
within the clinopyroxene enable “°Ar/*Ar geo-
chronology of young mafic rocks that otherwise
may not be datable with other techniques. Our
results, coupled with the near-ubiquitous pres-
ence of melt inclusions in most basaltic magmas
(e.g., Kent, 2008), suggest that clinopyroxene
and potentially other K-poor mafic phenocrysts
(olivine, orthopyroxene) and accessory minerals
(e.g., apatite) with trapped melt inclusions, can
be used to obtain accurate and precise “*Ar/*Ar
ages for volcanic rocks from the Pleistocene to
the Precambrian.
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