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Abstract Dating submarine basalts using 40Ar/39Ar geochronology is often hindered by a lack of
potassium‐bearing phenocrystic phases and severe alteration in the groundmass. Clinopyroxene is a
common phenocrystic phase in seafloor basalts and is highly resistive to low‐temperature alteration. Here
we show that clinopyroxene phenocrysts separated from marine basalts are a viable phase for 40Ar/39Ar
incremental heating age determinations. We provide results from a pilot study comprising 16 age
experiments from nine clinopyroxene separates, five of which from samples with dated coeval phases. The
clinopyroxene ages range from 11.5 to 112 Ma with relatively high uncertainties (ranging from 0.8% to 7.1%;
median of 1.9%) compared to more traditional phases. The clinopyroxene age plateaus form at low to
moderate temperature steps and are characterized by relatively elevated K/Ca of 0.002–0.4, suggesting that
other K‐bearing phases hosted within the clinopyroxene are likely degassing to yield the 40Ar/39Ar age
information. There are three possible origins for the K and corresponding 40Ar* including films of trapped
melt/nanomineral inclusions along grain defects, secondary melt inclusion bands, or variations in degassing
behaviors between lower and higher crystalline Ca pyroxene phases. Regardless of the source of the K, the
age determinations are successful with 75% of the experiments producing long plateaus (>60% 39Ar released)
with mean square of the weighted deviations ranging from 0.6 to 1.5 and probability of fit values >0.05. We
conclude that clinopyroxene dating by the 40Ar/39Ar method has the potential to provide a wealth of
information for previously undated, altered seafloor lithologies and continental equivalents.

1. Introduction

The ability to provide 40Ar/39Ar age determinations for basaltic lava flows is often limited by the degree of
alteration and an absence of potassium‐bearing phenocrystic mineral phases, especially in submarine
basalts. Samples recovered from the ocean basins by dredges, scientific ocean drilling, or remote vehicle
dives are often heavily altered and unable to be dated by traditional geochronological techniques.
Experience has shown that only a minority of the collected submarine lavas can be dated, if they contain
unaltered plagioclase, hornblende, or biotite phenocrysts, or if they contain holocrystalline groundmass that
can be cleaned up by applying acid leaching protocols (e.g., Konrad et al., 2018; Koppers et al., 2000, 2003).
Clinopyroxene, the most common phenocryst phase in alkaline basalts, is highly resistive to weathering by
prolonged exposure to seawater (Bach et al., 2004; Staudigel et al., 1996). However, phenocrystic
clinopyroxene previously has not been significantly sought out as a datable mineral phase since K is highly
incompatible in the crystal structure (Hart & Dunn, 1993) and thus results in the crystallization of ultralow
potassium clinopyroxene. Recent work on ancient metamorphic clinopyroxene (Burgess et al., 1992), a
single alkaline basalt (Konrad et al., 2018), dolerites in terrestrial large igneous provinces (Ware &
Jourdan, 2018), and a plagiogranite (Zhong et al., 2018) indicate that age determinations are obtainable.
In addition, diffusion experiments show that argon is highly retentive in clinopyroxene, with closure
temperatures of 600 to 800 °C (Cassata et al., 2010, 2011; Kunz et al., 1997) making clinopyroxene a viable
phase for thermochronology studies and applications in high‐grade metamorphic rocks (Ware &
Jourdan, 2018).

Here we show in a pilot study that augitic clinopyroxenes separated from marine alkaline basalts provide
useable 40Ar/39Ar age determinations when measured on modern multicollector mass spectrometers.
However, the primary K and associated radiogenic 40Ar* appears to potentially reside within a hosted phase,
not the augite host mineral, and is released throughout the low to moderate temperature steps in
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incremental heating experiments. We also show that intercrystalline held argon only begins to release at the
highest temperature steps and that samples containing rare primary melt inclusions produce (small) pulses
of excess radiogenic 40Ar that do not typically compromise the heating spectra. Dating clinopyroxene in
alkaline submarine basalts opens up a new avenue in the geochronology of dredge and scientific ocean dril-
ling (DSDP, ODP and IODP) samples. It has the potential to contribute significantly to our understanding of
all submarine volcanism, including the formation of seamounts, large igneous provinces, and island arcs,
with implications for plate tectonics, subduction zone processes, mantle convection, and plume motions.

2. Methods
2.1. Sample Suite

The nine basalt samples used in this study come from seamounts in the Western Pacific Seamount Province
(samples NWO‐1, HIM‐3, MAL‐2, and JEN‐4; Koppers et al., 2003; Figure 1), the Tuvalu seamount chain
that is an older extension of the Rurutu hot spot (samples RR1310‐D7‐09, ‐D13‐01, ‐D2104; Finlayson
et al., 2018; Konrad et al., 2018), and from the International Ocean Discovery Program drill cores in the
Izu‐Bonin‐Mariana (IBM) forearc (samples 352‐U1439C‐2R‐3W, 29‐32 and 352‐U1442A‐15R‐1W, 61‐64;
Reagan et al., 2019). The seamount samples are seawater altered alkaline basalts and were primarily chosen
due to the availability of robust 40Ar/39Ar age constraints from other K‐bearing phenocrystic phases, such as
plagioclase, hornblende, and biotite, or other basalts from the dredge/core. The IBM samples consist of a
forearc basalt with holocrystalline groundmass (352‐U1442A‐15R‐1W, 61–64) and a glassy boninite (352‐
U1439C‐2R‐3W, 29‐32). The two IBM samples are relatively unaltered and contain fresh clinopyroxene as
the only phenocrystic phase. All clinopyroxene appear to be augite or titino‐augite that are either green
(RR1310‐D07‐09, MAL‐2, and the IBM samples) or brown to black in color (all other separates). The
MAL‐2 sample had two types of augite pyroxenes, and both green and brown pyroxene separates were pre-
pared. There are currently no constraints on the proportion of pigeonite (low‐Ca clinopyroxene) to augite
(high‐Ca clinopyroxene) for the analyzed mineral separates. Despite the altered nature of the basalts, the
clinopyroxene phenocrysts are typically fresh based on petrographic examinations, with the exception of
sample HIM‐3, which is severely altered (Figure 1b).

2.2. Sample Preparation

Clinopyroxene was separated from basalts by crushing and sieving the rock to grain size fractions of
350–250 μm. These fractions were washed in deionized water and dried in a 50 °C oven overnight, prior
to clinopyroxene being concentrated using a Frantz magnetic separator. Concentrated separates were then
subjugated to sequential 1‐hr sonicated baths in 3NHCl, 6NHCl, 1NHNO3, and 3NHNO3 interspersed with
thorough rinsing steps and followed by sonication in ultrapure water. This acid leaching protocol was devel-
oped to remove any adhering secondary clays and carbonate grains from the mineral separate (Koppers
et al., 2000). Samples were dried overnight in a 50 °C oven prior to being handpicked under a binocular
microscope, focusing on achieving homogeneous and pure clinopyroxene separates. Approximately
70–80 mg of clinopyroxene for each lava flow was packed into aluminum capsules for irradiation. Fish
Canyon Tuff sanidine was used as a fluence monitor, loaded at the bottom, top, and between every three
sample packets. The sample columns were then irradiated for 6 hr in the CLICIT position of the Oregon
State University's TRIGA reactor.

2.3. 40Ar/39Ar Analysis

For each incremental heating experiment approximately 40 mg (out of the total 80 mg) clinopyroxene was
loaded onto copper trays and brought under vacuum to be analyzed on one of the two ARGUS‐VImass spec-
trometers of the OSU Argon Geochronology Laboratory (http://geochronology.coas.oregonstate.edu). The
second 40‐mg split was analyzed in a separate experiment to test for reproducibility of the resulting incre-
mental heating age spectra. To remove atmospheric argon adhering to the grain surfaces, samples were “pre-
cleaned” at low CO2 laser intensities (0.8–1.4%) with the gasses being pumped immediately without
measurement. The clinopyroxene samples were then subjected to 14 to 23 incrementally increasing heating
steps, with blanks run prior to, after, and between every two heating steps, totaling 8 to 12 blanks for each
experiment. Extracted gas was exposed to a series of getters held at 400 °C (ST101), 200 °C (ST172), and room
temperature (ST172, AP10) for a total of 3 min. The cleaned gas was then inlet into one of the
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Figure 1. Petrographic images of samples used in this study. (a) A cross‐polarized image of sample MAL‐2. (b) A cross‐
polarized image of sample HIM‐3; note the degradation of clinopyroxene in this sample. (c) Curvilinear secondary melt
inclusion bands in a clinopyroxene from MAL‐2. Arrows indicate the direction the bands traverse into the crystal. (d) A
secondary melt inclusion band from sample JEN‐4.
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ThermoScientific ARGUS‐VI mass spectrometers. Seven clinopyroxene were analyzed on the ARGUS‐VI‐D
using 1012Ω faraday cups for m/z 40, 39, 38, and 37 and an ion‐counting CuBe electronmultiplier for m/z 36.
Two samples (352‐U1439C‐2R‐3W, and 29‐32 and 352‐U1442A‐15R‐1W, 61‐64) were analyzed on the
ARGUS‐VI‐E using 1013 Ω faraday cups for m/z 39, 38, and 37; a 1012 Ω faraday cup for m/z 40; and an
ion‐counting CuBe electron multiplier for m/z 36. Analyses lasted for about 6.5 min (150 data points
collected at 2‐s integration times) with the time “0” set synchronous to the moment of gas inlet into the
spectrometer and data acquisition starting after about 25 s of argon gas equilibration in the low volume
(650 cm3) ARGUS‐VI.

All age determinations were calculated using ArArCALC v.2.7.0 (Koppers, 2002). For the age calculations an
age of 28.201 ± 0.046 Ma (2σ) was used for the Fish Canyon Tuff fluence monitor (Kuiper et al., 2008) and a
total decay constant of 5.530 ± 0.097 × 10−10 year−1 (2σ; Min et al., 2000). A polynomial function was fit to
blanks analyzed during the experiment, and unknown analyses were blank corrected based on time of mea-
surement. All reported internal uncertainties (Table 1) include in addition to analytical uncertainty on the
peak measurements, corrections for baselines, irradiation constants, the J value curve, collector calibrations
(whereby the CuBe multiplier is cross calibrated to the nearest +1 AMU Faraday cup, using a series of low
intensity air shot 36Ar peak measurements), mass fractionation (calibrated against a marine air standard,

Table 1
40Ar/39Ar Age Determinations for Clinopyroxene Experiments

Sample information Plateau

Sample name Material Location
Latitude
(degree)

Longitude
(degree)

Age
(Ma)

±2σ
(i, Ma)

±2σ
(f, Ma) 39Ar K/Ca ±2σ MSWD

P
(%) n N

Western Pacific Seamount Province
NWO‐1 CPX North‐Wod‐En,

WPSP
15.97 162.93 N/A 23

HIM‐3a CPX Himu Seamount,
WPSP

21.70 151.70 N/A 23

HIM‐3b CPX N/A 23
MAL‐2 BROWN CPX Maloney, WPSP 21.05 157.15 98.76 1.10 2.46 81% 0.03 0.013 1.07 38% 14 23
MAL‐2 GREEN CPX 100.18 1.17 2.52 65% 0.389 0.054 1.00 44% 9 23
MAL‐2
Stack (n = 2)

99.40 0.85 2.37 73% 0.03 0.011 1.15 29% 23 46

JEN‐4a CPX Jennings, WPSP 20.87 156.17 112.96 1.44 2.89 88% 0.199 0.059 1.03 42% 17 23
JEN‐4b CPX 111.41 1.85 3.09 87% 0.009 0.002 1.06 39% 19 23
JEN‐4 Stack (n = 2) CPX 112.37 1.16 2.75 87% 0.009 0.004 1.07 36% 36 46
Tuvalu Seamount Chain
RR1310‐D21‐04a CPX Nukulaelae, Tuvalu

Seamounts
−9.30 179.67 12.07 0.91 0.95 93% 0.019 0.011 0.68 81% 16 23

RR1310‐D21‐04b CPX 14.67 2.62 2.64 100% 0.001 0.001 1.24 23% 16 23
RR1310‐D21‐04
Stack (n = 2)

CPX 12.41 0.88 0.92 95% 0.002 0.003 1.06 37% 32 46

RR1310‐D07‐09a CPX Tefolaha, Tuvalu
Seamounts

−5.97 176.96 49.34 2.48 2.72 71% 0.07 0.008 0.9 50% 7 14

RR1310‐D07‐09b CPX 46.53 2.10 2.35 67% 0.07 0.007 1.48 13% 12 22
RR1310‐D07‐09c CPX 49.33 1.60 1.94 79% 0.031 0.012 0.48 94% 14 23
RR1310‐D07‐09
Stack (n = 3)

CPX 48.28 1.10 1.54 72% 0.043 0.009 1.08 35% 33 59

RR1310‐D13‐01a CPX Tayasa, Tuvalu
Seamounts

−8.62 177.91 47.43 2.94 3.13 82% 0.026 0.009 1.39 15% 15 23

RR1310‐D13‐01b CPX N/A 23
IBM Forearc
352‐U1439C‐
2R‐3W 29‐32

CPX IBM Forearc 28.41 142.61 50.33 0.55 1.25 84% 0.097 0.019 1 43% 9 17

352‐U1442A‐
15R‐1W 61‐64

CPX IBM Forearc 28.41 142.62 51.02 0.39 1.21 82% 0.0808 0.0032 0.55 80% 8 15

Note. i = internal uncertainties; f = full external uncertainties. MSWD = mean square of the weighted deviavations. n = heating step used in age calculation;
N = total heating steps. P = Probability of Fit. SF = spreading factor. IBM = Izu‐Bonin‐Mariana. WPSP = Western Pacific Seamount Province.
Recommended sample age and uncertainty are shown in bold. IBM forearc samples are from Reagan et al. (2019).
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assuming an 40Ar/36Ar value of 295.5), blanks, and post irradiation radioactive decay of 37Ar and 39Ar.
External uncertainties include the internal uncertainty along with the uncertainties on the decay
constant, natural element abundance ratios, and the fluence monitor age. Samples for which two or more
splits of clinopyroxene have been analyzed were “stacked” with all steps in their individual age plateaus
being combined into an overall weighted mean and into the isochron calculations, significantly improving
the statistics on the analyzes. All previously published 40Ar/39Ar ages discussed herein are recalculated
with the same fluence monitor mineral age and decay constants shown above. All age uncertainties are
reported on the 2σ confidence level.

3. Results

For this study, a useable age was classified as a plateau containing >60% of the 39Ar(k) released as well as a
probability of fit (P) value >5%. Four out the 16 individual age experiments failed to produce a plateau that
met our criteria, and thus, no age determinations are reported. When multiple splits of the same basalt were
analyzed, the resulting data were stacked, wherein the individual heating steps were combined into one
large experiment. The clinopyroxenes in this study typically produced long age plateaus (72–95% of 39Ar
released, including 7–19 steps) with isochron intercepts within error of atmospheric values (40Ar/
36Ar = 295.5; Table 1, Figures 2–4, and Supporting Information S1). Only one lava flow, RR131‐D21‐04,

Table 1 (continued)

Sample information Inverse isochron Total fusion

Sample name
Age
(Ma)

±2σ
(i, Ma)

±2σ
(f, Ma)

40Ar/36Ar
intercept ±2σ SF MSWD P (%)

Age
(Ma)

±2σ
(i, Ma)

±2σ
(f, Ma) K/Ca ±2σ

Western Pacific Seamount Province
NWO‐1 N/A 89.24 0.31 2.01 0.093 0.001

HIM‐3a N/A 139.84 14.09 14.43 0.078 0.004

HIM‐3b N/A 191.20 16.65 17.18 0.028 0.003
MAL‐2 BROWN 98.69 1.35 2.58 296.40 4.01 63% 1.1 36% 104.33 1.23 2.63 0.135 0.003
MAL‐2 GREEN 100.04 3.09 3.81 299.67 55.11 20% 1.14 34% 110.22 1.43 2.84 0.136 0.004
MAL‐2
Stack (n = 2)

99.54 0.99 2.43 295.25 3.92 64% 1.17 27% 107.08 0.95 2.56 0.136 0.002

JEN‐4a 112.62 3.16 4.03 297.97 11.96 68% 1.34 17%
65%

110.44 1.66 2.96 0.16 0.006
JEN‐4b 109.64 2.58 3.55 299.18 3.25 62% 0.84 112.71 1.90 3.14 0.067 0.006
JEN‐4 Stack (n = 2) 111.91 1.61 2.96 297.59 3.03 68% 1.14 26% 111.49 1.26 2.78 0.097 0.006
Tuvalu Seamount Chain
RR1310‐D21‐04a 13.09 1.31 1.34 287.30 8.14 43% 0.41 97% 10.80 1.21 1.23 0.056 0.002

RR1310‐D21‐04b 10.66 2.98 2.99 302.98 3.31 9% 1.1 36% 23.33 4.07 4.11 0.006 0.001
RR1310‐D21‐04
Stack (n = 2)

11.50 1.01 1.05 301.38 2.52 40% 1.12 30% 13.60 1.24 1.28 0.02 0.001

RR1310‐D07‐09a 48.75 3.40 3.57 297.61 5.30 70% 0.95 45% 69.31 3.20 3.56 0.082 0.004

RR1310‐D07‐09b 47.69 2.74 2.94 294.02 3.28 69% 1.47 14% 46.54 1.72 2.02 0.067 0.002
RR1310‐D07‐09c 50.22 2.47 2.71 294.58 2.37 40% 0.68 77% 51.23 1.79 2.13 0.022 0.001
RR1310‐D07‐09
Stack (n = 3)

48.99 1.59 1.93 294.89 1.76 77% 1.14 27% 56.69 1.35 1.85 0.043 0.001

RR1310‐D13‐01a 49.10 3.58 3.75 294.65 3.53 52% 1.47 12% 69.38 3.50 3.83 0.042 0.002

RR1310‐D13‐01b N/A 66.83 4.14 4.40 0.019 0.001
IBM Forearc
352‐U1439C‐2R‐3W
29‐32

50.48 0.99 1.50 292.72 17.03 57% 1.13 34% 48.96 0.73 1.32 0.063 0.001

352‐U1442A‐15R‐1W
61‐64

51.07 0.49 1.25 294.78 5.36 51% 0.64 70% 49.77 0.50 1.22 0.05 0.001
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contained a supraatmospheric 40Ar/36Ar intercept of 301.4 ± 2.5, whichmay indicate the possibility of excess
radiogenic 40Ar trapped in the clinopyroxenes. In that one case, the inverse isochron age of 11.5 ± 1.0 Ma
was preferred. For all other samples, the plateau ages are preferred and reported here (Table 1). Spreading
factors (Jourdan et al., 2009) for isochrons are typically excellent, ranging from 40% to 77%. Mean square
of the weighted deviations (MSWD) values for the clinopyroxene experiments range from 0.6 to 1.4
(median of 1.1) and indicate that the data scatter across the age plateaus is in line with the measured
levels of analytical uncertainty in the individual incremental heating steps. P values range from 15% to
80% for the successful age determinations. For sample MAL‐2, both green (100.18 ± 1.17 Ma) and brown
(98.76 ± 1.1 Ma) clinopyroxene separates were analyzed with no discernable difference observed between
the splits. Samples occasionally display a single heating step with a significant increase in apparent age
(e.g., MAL‐2 and JEN‐4). These discordant steps show evidence for excess 40Ar in the isochron plots and
thus are not included in the plateau age calculations (dashed line segments; Figures 1–3). These
observations are inherent to the presence of (micro) mineral and melt inclusions in the clinopyroxene and
are discussed in detail further below.

Individual incremental heating steps for the clinopyroxenes yielded relatively large age uncertainties, result-
ing in weighted mean plateau ages with 2σ uncertainties ranging from 0.8% to 17.9% (median of 1.9%) for the
stacked experiments. This is to be expected because clinopyroxenes in alkaline basalts have extremely low
potassium concentrations (K2O < 0.01 wt. %) while being abundant in calcium (CaO >20.00 wt. %; Hart
& Dunn, 1993; Miyazaki et al., 2018; Nisbet & Pearce, 1977). However, we observed that the higher uncer-
tainties are due to two reasons, namely, difficulty in measuring low 39 and 37 mass peaks, which are primar-
ily sourced from irradiated K and Ca, respectively. The situation improved by measuring m/z 37, 38, and 39
for samples 352‐U1439C‐2R‐3W, 29‐32 (50.33 ± 0.55 Ma) and 352‐U1442A‐15R‐1W, 61‐64 (51.02 ± 0.39 Ma)

Figure 2. The 40Ar/39Ar incremental heating age spectra and inverse isochrons for clinopyroxene separates from HIM‐3, MAL‐2, and JEN‐4. Individual experi-
ment plateaus are color coded, and the stacked age is shown in black. Thick black lines indicate the selected plateau range with dashed segments representing
steps not used in the age calculation. Inverse isochrons are shown on the right with points used in the plateau calculation shown in green with unused steps shown
in gray. The red dot represents the total fusion value. The calculated isochrons are shownwith a pink line, while an atmospheric reference line is shown in black. All
uncertainties are displayed at the 2σ confidence level.
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with 1013 Ω faraday cups on the ARGUS‐VI‐E, which allows for more robust measurements at low
intensities due to a significantly reduced baseline noise (by a factor of ~2.5) compared to the 1012 Ω
faraday cups on ARGUS‐VI‐D. Importantly, the overall low intensities in the 37Ar measurements seem to
indicate that little of the primary Ca‐derived argon in the clinopyroxene crystalline matrix is being
degassed at the temperature steps that were applied during most of the incremental heating, except
maybe at the highest temperatures at the end of each experiment.

This effect also is seen in the K/Ca ratios that provide a key compositional signature for the sample domain
degassing at each individual heating step, calculated as the ratio between measured 39Ar(K) and

37Ar(Ca)
components. In our experiments, the K/Ca for clinopyroxene yields average values ranging from 0.001 to
0.4 (median of 0.03) for the steps included in the age plateau calculations (Table 1 and Figure 5). These
values are significantly elevated compared to average spot analyses of alkaline basalt clinopyroxene
(K/Ca < 0.0001; Koppers et al., 2000; Miyazaki et al., 2018; Nisbet & Pearce, 1977) using electron microp-
robes, again indicating that some other phase(s) than clinopyroxene are primarily outgassing radiogenic
40Ar* during the incremental heating experiments. Interestingly, the K/Ca values typically decrease extre-
mely rapidly at the highest temperatures and approach expected low clinopyroxene values, which is caused
by a large pulse in 37Ar(Ca) being released, most likely from the clinopyroxene itself (Figure 5). This pulse is
significant as between 50% and 70% of the total amount of 37Ar(Ca) for a given clinopyroxene is degassed in
just the final 20%–30% of the experiments. Occasionally, some of the moderate to high‐temperature heating
steps produce significant increases in K/Ca, likely indicating rapid degassing of a high K/Ca phase within
the clinopyroxene crystals (e.g., RR1310‐D07‐09). These observations are key in interpreting the clinopyrox-
ene age spectra in terms of which degassing domains are responsible for creating the wide age plateaus,
pointing to a major role for preferential degassing of mineral and/or melt inclusions and a diminished role
for the primary magmatic clinopyroxene host crystals, contrary to the findings of Ware and Jourdan (2018)
for dolerite clinopyroxenes in terrestrial large igneous provinces.

Figure 3. 40Ar/39Ar incremental heating age spectra and inverse isochrons for clinopyroxene separates from RR1310‐D07‐09, RR1310‐D13‐01, and RR1310‐D2104.
All parameters are the same as in Figure 2. The preferred inverse isochron age is shown in bold for RR1310‐D21‐04.
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4. Discussion
4.1. Reliability of Clinopyroxene Ages

The simplest means of determining the reliability of clinopyroxene 40Ar/39Ar age determinations is to com-
pare the ages to coeval mineral phases. We have direct age comparisons for five of the clinopyroxene samples
analyzed (Figure 6). These include concordant samples RR1310‐D13‐01 (clinopyroxene = 47.4 ± 2.9;
plagioclase = 50.5 ± 0.2 Ma; Konrad et al., 2018) and MAL‐2 (clinopyroxene = 99.4 ± 0.9;
groundmass = 99.7 ± 0.6 Ma; Koppers et al., 2003). Two separates are similar but 5% to 6% older or younger
than the coeval phase. These samples are RR1310‐D07‐09 (clinopyroxene = 48.3 ± 1.1;
plagioclase = 51.0 ± 0.4 Ma; Konrad et al., 2018) and JEN‐4 (clinopyroxene = 112.4 ± 1.2;
groundmass = 105.7 ± 0.6 Ma; Koppers et al., 2003). It is important to note that the clinopyroxene experi-
ments produced higher‐quality plateaus than the coeval phases, with the groundmass analyses from JEN‐
4 containing a MSWD of 25 (Koppers et al., 2003) and the plagioclase separate from RR1310‐D07‐09 display-
ing aMSWDof 2.6 (Konrad et al., 2018). Sample NWO‐1 did not provide a reliable plateau and thus could not
be compared to the coeval plagioclase separate (87.2 ± 1.0Ma; Koppers et al., 2003), however, the total fusion
results (89.2 ± 0.3 Ma) fall generally within the expected age range.

The Himu Seamount sample HIM‐3 is themost significant outlier in our data set. It contains themost altered
clinopyroxene grains, with significant zoning and internal degradation following its cleavage planes
(Figure 1b). The plateau for both HIM‐3 clinopyroxene experiments was highly disturbed and are character-
ized by low radiogenic 40Ar* yields, typically less than 10% of the total 40Ar signal at each heating step. Thus,
no reliable age plateau or isochron could be derived from this sample.

Samples RR1310‐D21‐04; HIM‐3; 352‐U1439C‐2R‐3W, 29‐32; and 352‐U1142A‐15R‐1W, 61‐64 did not ana-
lyze coeval phases, or the 40Ar/39Ar dates in those cases are less reliable. However, these volcanic
centers/drill cores have numerous dated lava flows. Holocrystalline basalts were analyzed from RR1310‐

Figure 4. The 40Ar/39Ar heating spectrums and inverse isochrons for clinopyroxene separates from 352‐U1439C‐02R‐3W, 20‐32; 352‐U1442A‐15R‐1W, 61‐64
(Reagan et al., 2019); and NWO‐1. All parameters are the same as in Figure 2.
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D21 (Nukulaelae seamount) that range from 10.42 to 8.6 Ma in age
(Finlayson et al., 2018), making the RR1310‐D21‐04 clinopyroxene age
of 11.5 ± 1.0 Ma reasonable for the volcano, which could last for >7 Myr
(e.g., Konter et al., 2009). Drill core recovered samples from the Izu‐Bonin
forearc 352‐U1439C‐2R‐3W, 29‐32 (50.3 ± 0.6 Ma) and 352‐U1142A‐15R‐
1W, 61‐64 (51.0 ± 0.4 Ma) are within the expected age range for
this geologic feature (55–45 Ma; Reagan et al., 2019). Overall, 75% of
the clinopyroxene experiments were successful, supporting recent
work arguing that this mineral phase is suitable for 40Ar/39Ar age
determinations (Ware & Jourdan, 2018).

4.2. Storage Sites for Potassium and Argon Within Clinopyroxene

A key discovery of this work is that measurable quantities of 39Ar(K) and
radiogenic 40Ar (40Ar*) are released during relatively low temperature
heating (<1400 °C) of phenocrystic clinopyroxene in marine and forearc
lava basalts. This is accompanied by typically low 37Ar(Ca) intensities
and results in elevated K/Ca ratios of 0.002–0.4 (Figure 5). Because alka-
line basalt clinopyroxene has a K/Ca value of <0.0001 (Hart & Dunn,
1993; Miyazaki et al., 2018; Nisbet & Pearce, 1977), this indicates that
the clinopyroxene incremental heating experiments do not begin to
release abundant 37Ar(Ca) from the crystal lattice until the highest laser
power settings are reached (Figure 5). This release pattern stands in con-
trast to the results from dolerites analyzed in Ware and Jourdan (2018)
where the K/Ca values begin to decline rapidly after the first ~30% of spec-
tra. Ware and Jourdan (2018) interpreted the K/Ca release patterns to

Figure 5. The K/Ca and 37Ar(Ca) variability as a function of cumulative percent 39Ar(K) released for select clinopyroxene
separates.

Figure 6. A one‐to‐one comparison of 40Ar/39Ar age determinations from
clinopyroxene and the selected coeval phase. A dashed 1:1 sloped line is
shown for reference. Age determinations are from this study, Koppers et al.
(2003), and Konrad et al. (2018) (blue circles) and from Ware and Jourdan
(2018; red square). The inset shows the continuation of the plot at 500–
515 Ma to include sample 07THD002 (Jourdan et al., 2014; Ware & Jourdan,
2018).
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represent the early degassing of pigeonite (low‐Ca pyroxene) followed by the higher‐temperature degassing
of augite (high‐Ca pyroxene). In this study there is a lack of constraints on the mineral chemical composi-
tions for the clinopyroxenes and thus we cannot fully rule out that differential pigeonite/augite degassing
is controlling our K/Ca results. However, according to the degassing models of Ware and Jourdan (2018)
and the activation energies (381 kJ/mol) and diffusion coefficients of Ar (1.8 cm2/s) in diopside clinopyrox-
ene (Cassata et al., 2010), argon should not begin degassing until the highest‐temperature laser steps
(>1000 °C). In addition, the relatively elevated K/Ca from the preferential degassing of pigeonite over augite
should occur over a relatively small low temperature range and fails to explain how K/Ca remains elevated
for up to 70% of the 39Ar released in our experiments. Given the theoretical difficulty of degassing clinopyr-
oxene at low temperatures, the 40Ar/39Ar age determinations presented herein therefore are likely not
directly from the clinopyroxene crystal structure but from a more fusible phase hosted within the crystal,
preferentially outgassing at lower temperatures. Mineral, fluid, and primary and secondary melt
inclusions/films are the most likely candidates for hosting K and 40Ar* within the clinopyroxene crystals,
and each type will be discussed next.

Mineral inclusions of spinel oxide are commonly observed in clinopyroxene, but because of their ultralow or
void potassium contents, these inclusions are not important components in the 40Ar/39Ar experiments.
Sample RR1310‐D07‐09 contained some plagioclase chadacrysts; however, these were avoided when the
separate was handpicked. Sample RR1310‐D13‐01 had plagioclase phenocrysts as well as clinopyroxene,
with plagioclase avoided during sample preparation. In both these samples, any potential (micro) plagioclase
inclusions were unlikely the source for the 40Ar* as the independently measured plagioclase K/Ca is too low
(D07‐09 = 0.005 and D13‐01 = 0.019; Konrad et al., 2018). The remaining samples analyzed in this study do
not have plagioclase as a micro/phenocrystic phase. Therefore, it is likely that mineral inclusions are either
not abundant or absent in this sample set and therefore not the source of 40Ar*.

Fluid inclusions can be found in phenocrystic clinopyroxene and olivine within basalts. The fluid inclusions
most commonly occur as large bands that run the length of a reannealed crystal defect (Roedder & Ribbe,
1984) and are also visible in the clinopyroxene analyzed here (Figures 1c and 1d). If initially derived from
seawater, these fluid inclusions have the potential to contain a strong atmospheric contribution with a
40Ar/36Ar around 295.5 (Nier, 1950; Steiger & Jäger, 1977). Since potentially all of the lava flows analyzed
here erupted in (shallow) submarine environments, it is possible to have seawater‐derived fluid inclusions
in the grains. The 38Ar measurement can be used as a proxy for Cl concentration, and 38Ar(Cl) can be esti-
mated after correction for Ca and K production and atmospheric contamination (Renne et al., 2008) and
is a default parameter calculated in ArArCALC v2.7.0 (Koppers, 2002). None of the samples here contain sig-
nificant 38Ar(Cl) pointing to minimal effects from seawater. In addition, the K/Ca of modern seawater at
~0.95 is higher than what is observed in our samples (0.002–0.4, median 0.03). Hydrothermal fluids mea-
sured directly on Axial Seamount on the Juan de Fuca Ridge do occasionally contain Cl concentrations
~33% less than seawater (Butterfield et al., 1990). Low‐Cl hydrothermal vent fluids from Axial seamount
contain K/Ca of 0.4–0.6 (Butterfield et al., 1990) and thus are reasonably similar to what is observed from
some of our samples. However, the lowest Cl contents of the hydrothermal fluids are still significantly higher
than what we observe in the 40Ar/39Ar analyses in the clinopyroxenes, which makes fluid inclusions an unli-
kely source for the 40Ar*. In addition, if seawater was the main source of 40Ar in the fluid inclusions, its
atmospheric composition would make it highly unlikely that the clinopyroxene ages are coeval with other
comagmatic phases, such as plagioclase, hornblende, or the groundmass.

Primary or secondary melt inclusions are two other potentially K‐enriched storage phases that can be hosted
within clinopyroxene grains. Melt inclusions are defined as pockets of melt trapped within a crystal during
growth in a magma and are commonly found within phenocrysts (Kent, 2008; Roedder, 1979; Roedder &
Ribbe, 1984). Primarymelt inclusions are intercrystalline packets of silicate melt that are trapped during crys-
tal growth, while secondary inclusions represent melt infiltration along grain defects and commonly appear
as flat planes of inclusions (Figures 1c and 1d). Since primary melt inclusions are typically trapped at depth,
they commonly may contain excess mantle or crustal‐derived 40Ar/36Ar (McDougall & Harrison, 1988).
Therefore, the occasional significant increases in K/Ca with simultaneous increases in apparent age observed
in some clinopyroxene heating experiments are likely associated with those excess argon bearing primary
melt inclusions (Figure 2). These infrequent “bursts” of excess 40Ar* typically occur at the moderate to
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high temperature steps in our experiments, consistent with higher‐temperature breaching of the crystalline
lattice, and are confined typically to a single incremental heating step. The observation that these bursts of
excess 40Ar* occur in individual heating steps prior to the continuation of the plateau (e.g., MAL‐2;
Figure 2) indicates that primary melt inclusions are likely armored by the host crystal and thus not continu-
ally degassing throughout the heating experiment. More likely, temperature‐dependent degradation of the
crystalline structure releases trapped vapor bubbles within an individual melt inclusion (e.g., Kent, 2008).
Given that each experiment consists of tens to hundreds of individual clinopyroxene crystals, significant out-
gassing from large vapor bearingmelt inclusions is likely uncommon. However, a single (or small number of)
inclusion(s) could easily alter the apparent age of a single heating step, if it carries the 40Ar/36Ar signature of
up to 30,000–60,000 that is characteristic of the Earth's mantle (Graham, 2002) and much higher than the
assumed 295.5 atmospheric value in 40Ar/39Ar model ages. This postulation is supported by Horton et al.
(2018) who show that only a small fraction of melt inclusion bearing olivine can control the noble gas ana-
lyses for an entire separate. In the inverse isochrons, those suspect steps do plot away from the isochron
and may form short arrays pointing toward significantly higher 40Ar/36Ar intercepts (e.g., the two points sig-
nificantly to the left of the isochron in MAL‐2; Figure 2) consistent with those higher mantle‐derived argon
signatures. Primary melt inclusions thus occasionally can be observed in the incremental heating experi-
ments, but they are often not reproducible when running a second split of the same clinopyroxene separate.
We conclude that the primary inclusions are uncommon in the clinopyroxenes analyzed here as evident by
only a few discordant steps in the age spectra. Primary melt inclusions thus are unlikely to yield a consistent
40Ar/39Ar release pattern during incremental heating, a requirement to form an age plateau.

Amore common form is secondary inclusions of silicate melt parcels trapped during the reannealing of grain
defects, typically after a rapid change in magma composition during a recharge event or volatile
addition/subtraction (Kent, 2008; Natland, 2003; Roedder, 1979; Roedder & Ribbe, 1984). These changes
in magma composition often precede and drive the eruption of a basaltic magma (e.g., Cervantes &
Wallace, 2003; O'Hara & Mathews, 1981; Tepley et al., 2000). Assuming significant degassing of the magma
chamber in this (relatively long) waiting pattern and at the same time (a full) equilibration with atmospheric
argon, it is possible to create trapped silicate melt inclusions that have atmospheric 40Ar/36Ar. In addition,
the reannealed defects are likely more easily breached during exposure to the relative low‐temperature step-
wise CO2 laser heating. Argon recoil effects are relatively minor (39Ar recoil length ~0.08 um; Villa, 1997) but
still may play a role in effecting the age determinations. The observed K/Ca for the clinopyroxenes during
low to moderate temperature heating steps are similar to the plateau range found in most nonporphyritic
basaltic groundmass samples (0.1 to 1; e.g., Konrad et al., 2018; Koppers et al., 2001, 2003). Since these
groundmass basalt compositions are roughly reflective of the magma chamber composition prior to erup-
tion, the similar K/Ca of clinopyroxenes provide strong evidence that the inclusions are sourced from the
host magma. However, given the consistent nature of the resulting age plateaus from this study, the breach-
ing of reannealed grain defects must begin at relatively low temperatures and initiate high‐diffusivity path-
ways for argon to escape from only partially armored secondary inclusions. An incremental‐heating
experiment carried out on amphibole grains indicated that hornblende did not structurally degrade until
~930 °C (Lee et al., 1991). Given that closure temperature for argon in clinopyroxene is greater than amphi-
bole (e.g., Cassata et al., 2010; Lee et al., 1991), it is unlikely that clinopyroxene phenocrysts will degrade at
lower than ~930 °C temperatures. This mechanism would explain why pulses of primary melt inclusion
release occur at the middle‐ to high‐temperature steps and not at the lower temperatures. It is similarly unli-
kely that secondary melt inclusions can be released at low temperatures, and they too are an unlikely source
of 40Ar*. More work is needed on argon diffusivity in inclusion‐bearing clinopyroxenes to better understand
the behavior of primary and secondary melt inclusions during incremental heating experiments.

Trace films of melt and corresponding nanomineral inclusions along defects in the clinopyroxene grains also
provide a potential source for the 40Ar* and elevated K/Ca. Melt films along grain boundaries and defects
have been observed and studied in ultramafic rocks (e.g., Drury & Fitz Gerald, 1996; Wulff‐Pedersen
et al., 1999), but little work has been done on individual phenocryst phases. Nanoscale silicate minerals
formed within grain defects and cleavage planes may provide all the necessary components to satisfy the
observed data. These films and nanomineral inclusions would have elevated K/Ca as they represent pockets
of melt trapped when the magma was more evolved. The higher silicate nature of these submicroscopic
phases would remain resistive to the acid leaching pretreatment of the crystals, since they are effectively
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shielded by the clinopyroxene host minerals. They would become trapped during magma ascent/eruption
that allows for the degassing of argon as well for an effective exchange with atmospheric gasses. Lastly,
the minerals/film would already be residing within a potential high‐diffusivity pathway, which allows for
degassing at low‐ to middle‐temperature incremental heating steps below ~930 °C.

In summary, in situ crystal and inclusion analyses are needed to better determine the origin of the 40K and
associated 40Ar*. However, based on the current data set, either secondary melt inclusion bands (e.g., Kent,
2008; Natland, 2003; Roedder, 1979; Roedder & Ribbe, 1984) or nanoscale silicate inclusions along grain
defects/cleavage planes are the best fit candidates. Either of these sources can provide basaltic melt K/Ca
values while containing atmospheric 40Ar/36Ar. In addition, they satisfy the lack of excess 38Ar(Cl) released
and likely degas during relative low temperature heating.

5. Conclusions

This work further demonstrates that basaltic clinopyroxene is a viable phase for 40Ar/39Ar age determina-
tions. The degassing patterns for clinopyroxene typically display long (>60%) plateaus and ages that are often
concordant with more traditional coeval phases used in 40Ar/39Ar geochronology. Potassium and radiogenic
40Ar are primarily released at lower to moderate temperature steps with corresponding K/Ca values of 0.002
to 0.4. These high K/Ca values indicate that a relatively high K phase hosted by clinopyroxene—and not the
clinopyroxene itself—is the primary source of K and harbors the eruptive age information. This phase is
likely either nanoscale silicate mineral inclusions present along grain defects and cleavage planes or second-
ary melt inclusion bands. The preferential degassing of high‐ and low‐Ca pyroxene phases also remain a pos-
sibility for controlling the K/Ca. Clinopyroxene age dating has the potential to greatly expand our
geochronological knowledge of seafloor features as it is one of themost common and alteration resistive phe-
nocrystic phases in basalt.
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