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The Plio-Quaternary Long Valley (LV) basalts, derived from subduction-modified lithosphere, are found in close
proximity to the Long Valley caldera in California, from which hydrous high-SiO, rhyolites were erupted, includ-
ing the climactic Bishop Tuff (>600 km?). To better understand the processes by which the influx of basalts into
the crustal column beneath Long Valley caldera led to the generation of voluminous high-SiO, rhyolite, it is nec-
essary to determine the range of temperatures and water contents of the LV basalts. In this study, olivine-melt
Keywords: thermometry and hygrometry are applied to several, high-MgO (~7-10 wt%) LV basalts which contain pheno-
Basalt crysts of olivine and clinopyroxene, many of which display diffusion-limited, rapid-growth textures. Histograms
of analyzed olivine compositions display a continuous, unimodal population in each sample. When the most Mg-
rich olivine in each sample is paired with a liquid composition that matches that for the whole-rock (and a Fe3*/
Fe ratio of 0.24), 2" ~MeK,, (olivine-melt) values of 0.32-0.36 are obtained, consistent with preservation of the
first olivine composition to crystallize near the liquidus due to rapid phenocryst growth during ascent. Both a Mg-
and Ni-based olivine-melt thermometer from the literature, calibrated on the same experimental dataset, were
applied to the most Mg-rich olivine paired with the whole-rock melt composition. Because the Ni-thermometer
is independent of water content, it provides the actual temperature at the onset of olivine crystallization in each
of the LV basalts (1198-1053 °C), whereas the Mg-thermometer gives the temperature under anhydrous condi-
tions and thus allows AT (= Tyg-Tn; = depression of liquidus due to water) to be obtained. The average AT for all
samples is 86 (£27) °C, which literature models show is consistent with an average melt water content of ~4.3
(£1.5) wt.
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1. Introduction (e.g., Cousens, 1996), perhaps triggered by upwelling asthenosphere

in response to lithosphere thinning (i.e., Basin and Range extension)

The Long Valley volcanic field in eastern California (Fig. 1), along
the western margin of the Basin and Range extensional province, is
well known for the eruption of high-SiO, rhyolite melts, including
the Glass Mountain complex (~100 km?®) between 2.2 and 0.8 Ma
(Metz and Mahood, 1991; Hildreth, 2004) and the supervolcano
eruption (>600 km?) of the Bishop Tuff (BT) at ~765 ka (Hildreth
and Wilson, 2007; Andersen et al., 2017). The next most abundant
magma type erupted in the vicinity, before and after the BT
caldera-forming event, is mantle-derived basalt, referred to as the
Plio-Quaternary Long Valley (LV) basalts (Bailey, 1989). The trace-
element and isotopic compositions of these basalts support an origin
by partial melting of subduction-modified lithospheric mantle
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and/or delamination of lithosphere beneath the eastern Sierra Ne-
vada batholith (Manley et al., 2000; Saleeby et al., 2003; Zandt
et al., 2004; Putirka et al., 2012).

There is broad consensus that the origin of the voluminous high-SiO,
rhyolite from the Long Valley region was driven by the influx of basalt
into the crust (e.g., Hildreth, 1979; Bailey, 1989; Halliday et al., 1989;
Hildreth and Wilson, 2007; Simon et al., 2014). Importantly, LV basalts
were not only a source of heat, but also water. Notably, the Long Valley
rhyolites contain high water contents (<6.4 wt%; Wallace et al., 1999;
Anderson et al., 2000; Roberge et al., 2013). These water contents
could not have come solely from pre-existing granitoid crust, which
only contains <0.6 wt% H,0 (in the form of biotite and hornblende;
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Fig. 1. Map of the Long Valley volcanic field and Adobe Hills, California, and surrounding area, adapted from Lange and Carmichael (1996). Black denotes Plio-Quaternary mafic lavas
(predominantly basaltic) with sample locations (red circles). The inset map shows the location of Long Valley (LV) and Big Pine (BP) volcanic fields, along the western margin of the

Basin and Range province and the Western Great Basin (WGB).

Bateman, 1992), but instead must have been derived primarily from the
LV basalts. The numerical model of Calogero et al. (2020), which tracks
the thermal evolution of the crustal column beneath the LV caldera due
to the influx of basaltic sills, demonstrates the efficiency with which
exsolved water from crystallizing basaltic sills can be transferred to par-
tial melts in surrounding wall rock.

In order to better understand the processes by which the injection of
basalt into the crust drove the formation of voluminous high-SiO, rhy-
olite at the Long Valley volcanic field, it is essential to document both
the temperatures and water contents of the LV basalts at the time of
their emplacement into the crust. Although the whole-rock major-
and trace-element and isotopic compositions of the LV erupted basalts
are well characterized (e.g., Cousens, 1996), only limited work has
been done to establish their intensive variables (i.e., temperature, oxi-
dation state, volatile content; Lange et al., 1993). In contrast, the Quater-
nary basalts erupted from the adjacent Big Pine volcanic field (located
~100 km south of the Long Valley caldera; Fig. 1) are well characterized,
with known water contents (1.5-3.0 wt%) and Fe3*/FeT ratios
(0.24-0.25) obtained directly from analysis of olivine-hosted melt in-
clusions (Gazel et al., 2012; Kelley and Cottrell, 2012). In addition,
olivine-melt thermometry, hygrometry, and oxybarometery have
been applied to the Big Pine basalts (Brehm and Lange, 2020), leading
to results that match those obtained from the melt inclusion analyses.

In this study, we follow the approach taken in Brehm and Lange
(2020) and apply the Ni- and Mg-based olivinemelt thermometers
of Pu et al. (2017) to the LV basalts. Because thermometers based on
DRIz (e.g., Beattie, 1993) are strongly dependent on melt water con-
tents (Almeev et al., 2007; Médard and Grove, 2008), they lead to tem-
peratures that are too high for hydrous basalts and instead match those
expected for anhydrous conditions at 1-bar. Conversely, thermometers
based on DR/"9 are independent of dissolved water (Pu et al., 2021)

and give temperatures for hydrous basalts that are below those ob-
tained from the Mg-thermometer, consistent with dissolved water low-
ering liquidus temperatures. Therefore, when the temperature obtained
from the Ni-thermometer (Ty;) is combined with that from the Mg-
thermometer (Tyg), their difference (AT = Tyg—Tni) can be used to es-
timate melt water content (Pu et al., 2017, 2021). These results can be
verified by comparison with D2/ values (at the onset of phenocryst
growth), which correlate with dissolved water in the melt phase
(e.g., Gavrilenko et al., 2016). The primary objective of this study is to
apply these two olivine-melt thermometers to a suite of LV basalts in
order to constrain both their temperatures and water contents at the
onset of phenocryst growth, to help inform how the influx of basaltic
magma into the crust drives the formation and eruption of voluminous
high-SiO, rhyolite.

2. Sample locations, ages, and petrography

The location of the nine LV basalts that are the focus of this study are
shown in Fig. 1. Four samples (#69, #70, #90, #95) are from isolated
flows adjacent to the eastern margin of Long Valley caldera, another
three (#52, #129, #147) are from the Adobe Hills, and the remaining
two (#23, #67) are from the northern margin of the Mono Basin.
Three of these nine samples - #23, #129, and #90 - were dated by
the K-Ar method (Lange et al., 1993) with reported ages of 2.60 (4
0.06), 2.96 (+0.16), and 3.32 (40.21) Ma, respectively. On the basis of
the location and flow morphology of the remaining basalt samples
from this study, it is estimated that they were largely erupted between
4 and 2 Ma, and thus Pliocene in age. These basalts are representative of
the first mantle-derived melts to invade the crustal column after the
volcanic hiatus in this region between 8 and 4.5 Ma (Bailey, 1989; Du
Bray et al.,, 2016).



Table 1

Whole-rock major (wt%) and trace-element (ppm) concentrations and mineral modal proportions for Long Valley basalts.

Oxide (wt%) #69 #52 #147 #95 #23 #90 #67 #70 #129
SiO, 50.11 51.69 49,90 48.76 49.00 53.82 50.42 50.52 51.84
TiO, 1.46 1.06 143 1.88 1.52 1.07 1.38 143 1.87
Aly03 14.30 14.05 15.10 15.69 16.66 16.51 16.63 15.94 15.87
FeOQ" 7.89 7.63 8.88 9.34 7.77 6.62 8.32 8.87 8.95
MnO 0.14 0.14 0.16 0.17 0.15 0.12 0.14 0.14 0.15
MgO 9.95 9.03 8.71 8.69 7.85 7.10 7.05 6.78 6.71
Ca0 8.37 8.51 9.49 9.30 10.28 7.88 10.40 9.06 8.72
Na,O 4,16 3.97 432 2.68 3.13 413 343 3.88 3.38
K0 2.89 241 1.40 2.75 2.63 2.18 1.68 2.84 1.95
P05 0.73 0.48 0.59 0.75 1.01 0.51 0.54 0.54 0.55
Original total 99.17 98.63 97.61 97.54 97.88 99.8 98.29 98.79 97.99
Mg#* 0.74 0.73 0.66 0.68 0.71 0.71 0.65 0.64 0.64
Trace element (ppm)

Ni 213 227 122 141 115 144 69 49 105
Zr 234 157 152 241 243 177 153 171 199
Nb 13.7 9.2 17.5 19.5 18.5 12 11.7 109 20.3
Ba 1505 1690 1270 1195 1830 1640 1075 1485 1060
La 35 46 48 n.a. 40 n.a. n.a. 28 32
Modes (vol%)®

OLV phenocryst 8.2 5.0 34 71 2.6 53 1.7 2.2 3.2
CPX phenocryst 1.9 7.6 3.7 2.7 0.4 0.9 14 1.6 0.4
PLAG phenocryst 0.1 0.2 - - - - 0.5 2.0 -

@ Mg# = (Xugo/(Xmgo + Xre0))*100 and Fe>*/Fe" = 0.24 (see Section 5.1.2 Evidence that the most Mg-rich olivine in each sample is a near-liquidus phase).
> Modes represent >3000 point counts. Phenocryst 2500 pm. OLV = olivine; CPX = clinopyroxene; PLAG = plagioclase. n.a. = not analyzed.

Olivine (<7 mm) and clinopyroxene (<4 mm) are the dominant phe-
nocryst phases in these nine basalts, with plagioclase generally absent
or subordinate (Table 1). Both sector and oscillatory zoning are clearly
evident in several of the largest clinopyroxene phenocrysts in most
samples. Phlogopite is found as a groundmass phase, nucleating on ves-
icle walls, in several flows. Small chromite crystals are common in the
olivine phenocrysts and rare to absent in clinopyroxene phenocrysts.
The groundmass is dominated by small grains of clinopyroxene and pla-
gioclase, along with titanomagnetite. [lmenite was not found in any of
the nine samples, despite a targeted search for this phase.

3. Methods
3.1. Whole-rock major- and trace-element methods

The whole-rock major element composition of four of nine samples
from this study (#23, #52, #90, #129) were previously reported in
Lange et al. (1993). The major element compositions of the remaining
five samples, along with the trace element compositions for all nine
samples, were obtained by X-ray fluorescence (XRF) analysis at the Uni-
versity of California, Berkeley. Analytical uncertainty in the whole-rock
Ni concentration, utilized for olivine-melt thermometry, is +4 ppm.

3.2. Electron microprobe methods

Compositional analyses of olivine and clinopyroxene were obtained
with the Cameca SX-100 electron microprobe in the Robert B. Mitchell
Electron Microbeam Analysis Lab at the University of Michigan. The mi-
croprobe standards used for each element in each phase are presented
in Table S1 (supplementary information). The analyses of olivine were
made with a focused beam, an accelerating voltage of 15 kV, and
beam current of 20 nA. Clinopyroxene analyses were made with a fo-
cused beam, an accelerating voltage of 20 kV, and a beam current of
20 nA. Olivine phenocrysts were analyzed in all nine samples, whereas
clinopyroxene phenocrysts were analyzed in the three most Mg-rich
samples: #52, #69, and #147.

For olivine, eight elements (Mg, Al, Si, Ca, Cr, Mn, Fe, Ni) were mea-
sured. Peak and background counting times were 30 s for Si, Mg, Fe, and
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Fig. 2. (a) Whole-rock total alkalis (Na,O + K,0) versus silica for LV basalts (this study;
Cousens, 1996), BP basalts (Brehm and Lange, 2020) and Lunar Crater basalts (Cortés
et al,, 2015), with zone boundaries from Le Maitre et al. (2005) and alkaline/sub-
alkaline line from Miyashiro (1978). (b) Ratio of Ba/La versus Nb/Zr ratio. LV and BP
basalts have an arc geochemical signature (enriched in slab-fluid component),
consistent with subduction-modified lithosphere source, whereas Lunar Crater samples
plot separately, consistent with asthenosphere source.
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Fig. 3. Histograms of forsterite (Fo mol% = Xygo/(Xmgo + Xreo)*100) content of olivine crystals for nine LV basalt samples. The most Fo-rich crystal in each sample was used for olivinemelt
thermometry (Pu et al., 2017). Because only the most Mg-rich olivine crystals were targeted for analysis, histograms only represent the Mg-rich part of olivine population.

Table 2

Maximum Fo olivine composition; olivine-melt thermometry.
Oxide (wt%) #69 #52 #147 #95 #23 #90 #67 #70 #129
Si0, 41.00 40.80 39.85 40.31 40.53 40.37 40.06 39.37 40.42
Al,03 0.03 0.02 0.02 0.04 0.04 0.00 0.02 0.02 0.01
FeO" 9.68 10.59 12.89 12.18 11.44 12.22 14.34 16.79 14.27
MnO (calc.)? 0.14 0.13 0.16 0.16 0.18 0.15 0.22 0.22 0.18
MgO 48.00 4738 46.29 46.22 46.69 47.50 44.65 42.87 44.61
Ca0 (calc.)® 0.16 0.14 0.15 0.20 0.21 0.10 0.20 0.21 0.15
Cry03 0.07 0.14 0.09 0.07 0.05 0.06 0.05 0.02 0.03
NiO (calc.)® 0.38 0.50 0.34 0.32 0.30 0.49 0.17 0.14 0.41
Total 99.53 99.78 99.81 99.40 99.46 100.88 99.72 99.61 100.08
max. Fo mol%? 89.8 88.9 86.5 87.1 87.9 874 84.7 82.0 84.8
Olivine-melt thermometry
Tug"C* 1269 + 7 1247 £ 7 1225 +7 1218 £7 1195+ 7 1198 +7 1173 £ 7 1187 +£7 1168 £ 7
Tni °C 1198 + 14 1165 £ 11 1098 + 16 1136 + 17 1116 + 19 1101 + 13 1132 433 1108 + 42 1053 + 15
AT = Tyg-Tyi °C* 71 82 127 82 80 97 41 78 115
Min. melt H,0 (wt%)® 22 2.6 44 2.6 25 32 1.2 25 39
Twg C (anhydrous): P'07% 1262 1240 1225 1219 1196 1185 1175 1186 1169
TugC (3 wt% H,0): P'078 1197 1176 1163 1157 1136 1127 1118 1128 1112
TMg°C (6 wt% H,0): P'07% 1137 1119 1107 1102 1083 1074 1066 1075 1061
Dy (olivine-melt) mol% 3.8 41 42 42 47 52 5.0 5.0 52
D (olivine-melt) mol% 0.79 0.73 0.80 0.74 0.94 0.68 1.25 1.26 1.09
Dc, (olivine-melt) mol% 0.015 0.013 0.013 0.017 0.016 0.010 0.015 0.019 0.014
Dy (olivine-melt) mol% 11 14 17 14 16 21 15 18 24

2 MnO (calc.) from Fig. 6.
Cao0 (calc.) from Fig. 5.
NiO (calc.) from Fig. 4.

Twg (£26 °C) and Ty; (£29 °C) from the model of Pu et al. (2017); reported error is propagated from analytical uncertainty.
Minimum melt H,0 wt% calculated using AT (Eq. 6) from Pu et al. (2017).
Ty from Putirka et al. (2007). Thermometry results for sample #70 in italics, see Section 5.1.2 for application of olivine-melt liquidus test.
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Fig.4.NiO (wt%) in olivine versus Fo mol% for analyses of olivine that span the highest 3 mol% Fo in each sample. A linear fit to the top 3 mol’ of the data in each sample (red line) is used to
calculate the NiO wt% for the most Mg-rich olivine in each sample, which is used to calculate DR/"@ (mol%) for the Ni-thermometer. The most Mg-rich olivine composition (and calculated

NiO wt%) are reported in Table 2.

Ni, whereas peak and background counting times of 20 s were used for
Al, Mn, Cr, and Ca. The 10 uncertainty for each oxide based on counting
statistics is +0.45 wt% SiO, £0.30 wt% MgO, +0.42 wt% FeO, +-0.02 wt
% NiO, £0.02 wt% Al,03, £0.01 wt% Ca0, £0.02 wt% Cr,05, and 4-0.05
wt% MnO. Analytical transects across 31-84 different olivine crystals
were performed on each sample. Analyses were obtained every 25-80
um, yielding 283-588 olivine compositions per sample.

For clinopyroxene, ten elements were measured (Mg, Al Si, Ca, Cr,
Mn, Fe, Ni, Na, Ti) Peak and background counting times were 30 s for
Si, Mg, Fe, Ni, and Ca and 20 s for Al, Cr, Mn, Na, and Ti. The 10 uncer-
tainty for each oxide based on counting statistics is +0.45 wt% SiOo,
+0.17 wt% MgO, 4-0.14 wt% FeO", 4+ 0.03 wt% NiO, +0.12 wt% Al,Os,
+0.27 wt% Ca0, 40.03 wt% Cr,03, £0.06 wt¥% TiO,, and £0.03 wt%
MnO. Analytical transects across 27-36 different clinopyroxene crystals
were performed. Analyses were obtained every 25-135 pm, yielding
401-604 clinopyroxene analyses.

X-ray intensity maps of phosphorous (P) and iron (Fe) were ob-
tained for the most Mg-rich olivine crystals in three LV basalts (#147,
#95, and #23). An accelerating voltage of 20 kV and beam current of
200 nA were utilized with individual dwell times of 200-300 psec. For

one of these samples (#147), X-ray intensity maps of Mg, as well as alu-
minum (Al), titanium (Ti) and chromium (Cr), were obtained for two
representative clinopyroxene phenocrysts. Back-scattered electron
(BSE) images were obtained for several representative clinopyroxene
phenocrysts in all three samples.

4. Results
4.1. Whole-rock major- and trace-element compositions

The major-element compositions of the basalts from this study are
compiled in Table 1, together with selected trace element concentra-
tions. The remaining trace element contents are compiled in a supple-
mentary file (Table S2). The SiO, and MgO contents of the LV basalts
from this study range from 48.8-53.8 wt% and 6.7-9.9 wt%, respectively.
In a plot of total alkalis vs. SiO, (Fig. 2a), the LV samples plot in the
trachybasalt field, largely because of their elevated K,O contents
(1.4-2.9 wt%; Table 1). For comparison, the Plio-Quaternary LV basalts
from Cousens (1996; <10.05 wt% MgO) are shown in Fig. 2a, along
with the Big Pine (BP) basalts from Brehm and Lange (2020).
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Fig. 5. CaO (wt%) in olivine versus Fo mol% for analyses of olivine that span the highest 3 rno_l% Fo in each sample. A linear fit to the top 3 mol% of the data in each sample (red line) is used to
calculate the CaO wt% for the most Mg-rich olivine sample, which is used to calculate D2/ (mol%), reported in Table 2 and on each plot. Blue dashed line at 0.1 wt% denotes boundary

between mantle olivine xenocrysts and phenocrysts (see Section 4.2 Olivine Results).

In a plot of Ba/La vs. Nb/Zr (Fig. 2b), the subduction-zone (i.e., slab-
derived) signature of the LV and BP basalts is clearly seen in their ele-
vated Ba/La ratios. For comparison, the trace-element ratios of several
intraplate basalts from the Lunar Crater volcanic field, Nevada,
(~250 km due east of the Long Valley region) are also shown, which
are devoid of any slab-derived subduction signature (Cortés et al.,
2015). The LV basalts from this study have Ba/La ratios that overlap
and extend to higher values than those seen in the BP basalts
(Fig. 2b). The trace-element signature of the LV basalts is consistent
with an origin from subduction-modified lithospheric mantle
(Cousens, 1996).

4.2. Olivine results

Individual analyses of olivine phenocrysts in each LV basalt sam-
ple are presented in Table S3 (supplementary information) and are
shown as histograms of mol% Fo for each sample in Fig. 3. The results
show a continuous range in composition (Fig. 3), and values of D§jJi
are calculated from the most Mg-rich olivine in each sample

(Table 2) paired with the MgO content of the whole-rock sample
(Table 1).

Plots of analyzed wt% NiO, Ca0O, and MnO as a function of mol%
forsterite (Fo) for each sample are shown in Figs. 4, 5, and 6, respec-
tively. The results in Fig. 5 show that the dominant olivine popula-
tion in each sample contains >0.10 wt% CaO, in contrast to the
olivine in mantle xenoliths from the Big Pine volcanic field
(e.g., Beard and Glazner, 1995; Brehm and Lange, 2020). It is well
established in the literature (e.g., Simkin and Smith, 1970; Norman
and Garcia, 1999; Housh et al., 2010) that the low CaO content of ol-
ivine from mantle xenoliths can be used to distinguish between oliv-
ine xenocrysts and phenocrysts. For each sample, the wt% NiO, CaO,
and MnO analyses that span the highest three mol% Fo were fitted
to a linear relationship.

Application of the linear fit allows a more accurate estimate of the
NiO, Ca0, and MnO contents in the most Mg-rich olivine in each sample
to be obtained (Table 2) because it eliminates the scatter due to analyt-
ical uncertainty. These values, when paired with whole-rock concentra-
tions of NiO, CaO, and MnO, were used to calculate molar values of
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Fig. 6. MnO (wt%) in olivine versus Fo mol% for analyses of olivine that span the highest 3 mol% Fo in each sample. A linear fit to the top 3 mol% of the data in each sample (red line) is used
to calculate the MnO wt% for the most Mg-rich olivine in each sample (Table 2), which is used to calculate the Mn-Mg exchange coefficient between olivine and melt at the liquidus

(Table 3b).

DRYMa, pelia and DYLid (Table 2). These partition coefficients are used
later in the paper for olivine-melt thermometry and hygrometry
(Table 2) and construction of M"~M&k, (Table 3b; used to evaluate
olivine-melt equilibrium).

X-ray intensity maps of P and Fe for Mg-rich olivine phenocryst in
three representative LV basalts are shown in Fig. 7. All olivine crys-
tals display complex P zoning patterns, consistent with rapid pheno-
cryst growth. For comparison, a P map for olivine from a mantle
xenolith (San Carlos, AZ), reported in Brehm and Lange (2020),
shows no zones of P enrichment (Fig. 7i-j). Photomicrographs of
representative olivine phenocrysts from six LV basalts are shown in
Fig. 8.

4.3. Clinopyroxene results

Individual analyses of clinopyroxene phenocrysts in the three most
Mg-rich samples (#69, #52, #147; Table 1) are presented in Table S4
(supplementary information). Plots of wt% TiO,, Al,03, Cr,0s3, and
Na,O vs. Mg# for all clinopyroxene analyses from samples #69 and
#52 are shown in Fig. 9 and from sample #147 in Fig. 10. Analyses of

featured crystals in each sample are highlighted by colored symbols.
In these three samples, there is no evidence of two compositionally dis-
tinct populations of clinopyroxene (e.g., high- and low-Na,0), unlike
the case in the Big Pine basalts (Brehm and Lange, 2020). The vast ma-
jority of clinopyroxene analyses in the LV basalts are characterized by
relatively low Na,O contents (<0.6 wt%).

The analyses in Figs. 9 and 10 are given different symbols based on
the texture observed for each analytical spot along a transect: (1) sector
and/or oscillatory-zoned; (2) dark, homogeneous core; and (3) patchy,
diffuse, irregular. Examples of these textures are seen in BSE images
(Fig. 11) and X-ray intensity maps of Mg, Al, Cr, and Ti (Fig. 12). The
most abundant and common texture observed among clinopyroxene
in all LV samples is sector and/or oscillatory zoning. The BSE images re-
cord sector zoning and oscillatory zoning patterns, both in large, dis-
crete crystals (Fig. 11a-b), and as rims surrounding a dark, un-zoned
core (Fig. 11c-e). The X-ray intensity maps for two phenocrysts from
sample #147 (Fig. 12) show that sector zoning strongly affects Al, Ti,
and Mg concentrations, but not Cr contents, whereas marked oscillatory
zonation affects all four elements. Also shown is a rare xenocryst
(Fig. 11f).
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Fig. 7. X-ray intensity maps of Fe (left) and P (right) in Mg-rich olivine from three LV
samples. Similar X-ray maps for an olivine from a mantle xenolith (San Carlos, Arizona)
are shown for comparison. Complex P-zoning is associated with initial diffusion-limited
rapid growth (e.g., Milman-Barris et al., 2008; Welsch et al. 2013; Welsch et al. 2014;
Shea et al,, 2019).

The analytical results show that the dark, un-zoned cores (Fig. 11c—e)
have the highest Mg# and Cr,03 contents (Figs. 9g and 10k) and are thus
candidates for representing near-liquidus compositions. Notably, analy-
ses from a single sector-zoned crystal (e.g., CPX 2 in sample #147;
Fig. 10e-h) span nearly the entire compositional range as those from
all sector-zoned crystals. There are marked compositional differences be-
tween different sectors in the zoned clinopyroxenes, and those with the

higher concentrations of TiO, and Al,Os3 (i.e., higher effective partition
coefficients for Ti and Al) crystallized at faster rates (e.g., Kouchi et al.,
1983). For the crystal with the xenocrystic texture (Fig. 11f), it has an in-
terior that is low in Mg# and strongly depleted in TiO, compared to all
other analyses (Fig. 10m). Analyses of the exterior to this crystal overlap
those of the sector-zoned, phenocrysts, indicative of subsequent growth
along its margins.

Photomicrographs of clinopyroxene phenocrysts from LV basalts
(Supplementary Fig. S1) show that the most common clinopyroxene
crystals display oscillatory- and sector-zoning. Dark, un-zoned cores
are also commonly present. Therefore, the clinopyroxene results from
the three samples analyzed appear to be broadly representative of all
LV basalts from this study.

5. Discussion
5.1. Test of phenocryst growth in LV basalts during ascent

5.1.1. Evidence of diffusion-limited, rapid-growth textures in phenocrysts

Many of the phenocrysts in the LV basalts display diffusion-limited
growth textures, including dendritic and/or hopper textures in the oliv-
ine phenocrysts (Figs. 7 and 8) and sector-zoning in clinopyroxene phe-
nocrysts (Fig. 12). Such rapid-growth textures are expected for melts
undergoing crystallization during an effective undercooling (ATegr yc
= Tiiquidus—Tmelt) (€.g., Faure et al., 2003; Welsch et al., 2013; Shea
etal., 2019). For hydrous basalts that initially segregate from their man-
tle source under fluid undersaturated conditions, initial ascent will lead
to super-liquidus conditions because their liquidus temperatures will
decrease with decreasing pressure. During continued ascent along frac-
tures (Fig. 13), the effects of cooling, and eventually volatile degassing,
will lead these basalts to cross their liquidus, but from a super-
liquidus condition (e.g., Brehm and Lange, 2020). This will promote a ki-
netic delay to nucleation, allowing an effective undercooling to develop,
which enables the growth of large, sparse phenocrysts (<7 and <4 mm
for olivine and clinopyroxene, respectively, in the LV basalts) owing to
high crystal growth rates and low nucleation rates (e.g., Lofgren, 1974).

The complex P-zoning patterns observed in the LV olivine pheno-
crysts (Fig. 7) have been interpreted in the literature as recording an ini-
tial period of rapid, diffusion-limited, dendritic growth (Milman-Barris
et al., 2008; Welsch et al., 2013, 2014; Shea et al., 2019). The lack of P
zoning in the olivine from a mantle xenolith (Fig. 7j; Brehm and
Lange, 2020) is consistent with a different growth history that did not
include rapid crystallization from an undercooled liquid. Similarly, it
has long been noted in the literature that sector zoning in clinopyroxene
phenocrysts is also an indication of rapid-growth conditions
(e.g., Shimizu, 1990; Brophy et al., 1999; Welsch et al., 2016; Ubide
etal., 2019). For example, experimental studies demonstrate that sector
zoning in clinopyroxene can develop at various undercoolings (ATeg uc
= 13-45 °C), leading to rapid growth rates that range from ~0.14 to
~6.5 mm/day (e.g., Kouchi et al., 1983; Skulski et al., 1994). Thus, the
clinopyroxene phenocrysts in the LV basalts may have crystallized
within a few days or less. The X-ray intensity maps for the two
clinopyroxene phenocrysts from sample #147 (Fig. 12) show that sector
zoning and oscillatory zoning co-developed, which indicates that ki-
netic factors were likely involved in the development of both types of
zoning.

5.1.2. Evidence that the most Mg-rich olivine in each sample is a near-
liquidus phase

Pu et al. (2017) and Brehm and Lange (2020) showed that when
phenocryst growth occurs rapidly during ascent (e.g., in basalts bearing
mantle xenoliths), it is possible that the most Mg-rich olivine analyzed
in each sample (Fig. 3) closely approximates the first phase to crystallize



Fig. 8. Representative photomicrographs of olivine phenocrysts that display diffusion-limited growth textures from LV basalt samples, including hopper textures where the crystal grows

faster at the edges of each face than in its interior (e.g., Donaldson, 1976; Faure et al., 2003).

from a liquid with a composition matching the whole-rock sample. In
other words, when phenocryst growth during ascent is sufficiently
rapid, the liquidus olivine composition may be preserved upon erup-
tion. The fact that a wide range of olivine compositions is preserved in
each sample (Fig. 3), indicates that there was not enough time for chem-
ical re-equilibration of the entire olivine phenocryst population. Thus,
an evaluation of whether the most Mg-rich olivine in each sample has
the expected liquidus composition (i.e., the olivine-melt liquidus test)
can be applied.

To perform this assessment, the most Mg-rich olivine phenocryst
analyzed in each sample is plotted as a function of the whole-rock
Mg#, as shown in Fig. 14. For the calculation of Mg#, it is assumed
that the Fe>¥/Fe" in each sample is 0.24, which is the average of
micro-XANES analyses on olivine-hosted melt inclusions from Big Pine
basalts (Kelley and Cottrell, 2012). Note that the Big Pine basalts share
an arc geochemical signature with the LV basalts (Fig. 2). Superimposed
on this plot are isopleths of "** ~M2Ky, (olivine-melt) values:

Fe”" Mg, (olivine-melt) = (Xpe20 /XMgo)Oli"i“e (Xmgo /XFe“O)mEIt 1)

The results show that the most Mg-rich olivine analyzed in the LV
basalts overlap F¢*" M2k}, (olivine-melt) isopleths that range from

0.32 to 0.36 for eight of nine samples (Table 3a; Fig. 14). The only excep-
tion is sample #70, which plots on a Kp isopleth of 0.39. The other eight
samples have "' ~M2K, values (0.32-0.36) that overlap those calcu-
lated with the MELTS thermodynamic model (Ghiorso and Sack, 1995;
Asimow and Ghiorso, 1998), as well as the Putirka (2016) model
(Table 3a). These models from the literature predict that variations in
temperature, crustal pressure, and/or oxidation state do not lead to sig-
nificant changes in " ~M&K}, values for the LV basalts. Note, however,
that Pu et al. (2017) presented evidence for a small increase in
Fe**=Meg . value (<0.03) with melt water (<6 wt%). Calculated
Fe?*=Meg values from this study, using the most Mg-rich olivine ana-
lyzed in each sample (Table 2), paired with the whole-rock composition
(Table 1; Fe*"/Fe” = 0.24), are also given in Table 3a. The values match
those of Putirka (2016), the most recently calibrated model, within
<0.03 for all but one sample (#70), consistent with results illustrated
in Fig. 14.

Also plotted in Fig. 14 are results from 10 basalts from the Big Pine
volcanic field (Brehm and Lange, 2020), as well as 13 basaltic samples
from the Mexican volcanic arc (Pu et al., 2017); all 23 of these samples
plot on """ ~MeK, isopleths that range from 0.31 to 0.37, based on a melt
Fe**/Fe" ratio of ~0.24 (close to the Ni-NiO buffer). Collectively, the re-
sults from these two volcanic fields, plus those for the LV basalts (eight
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Fig. 9. Plots of TiO,, Al,05, Cr;05, and Na,0 (wt%) vs. Mg# for CPX analyses from two LV
samples (#69 and #52) with representative crystals highlighted (a-d) Analyses from
sample #69; only crystals with oscillatory and sector zoning were found. As evidenced
in highlighted crystals CPX 10 and 16 (Fig. 11a-b), each sector has distinctly different
TiO,, Al,03, and Mg# ranges, but the same Cr,05 contents. Note that the compositional
range of the combined sectors (i.e., in a single crystal) spans nearly the entire composi-
tional range for all clinopyroxene analyses. (e-h) Analyses from sample #52; many crys-
tals had large, dark cores with zoned (sector and oscillatory) rims (e.g., CPX 6 plotted;
Fig. 11c). The dark cores have the highest Mg# and Cr,05 contents of the entire CPX pop-
ulation and is a candidate for a near-liquidus phase.

of nine samples), show that phenocryst growth during ascent and pres-
ervation of the first olivine composition to crystallize from the melt may
be a common occurrence.

For the one sample from this study, #70, which appears to fail the
olivine-melt liquidus test, several factors may be the cause. (1) The
melt Fe>" /Fe ratio for this sample may have been lower than 0.24
(slightly more reduced than measured in Big Pine lavas; Kelley and
Cottrell, 2012); for example, a melt Fe*>* /Fe" ratio of 0.17 at the liquidus
of #70 leads to a **" ~MeK;, value of 0.36 (within 4-0.03 of predicted lit-
erature values; Table 3a). (2) The most Mg-rich olivine in this lava may
not have been exposed in the thin section. (3) Chemical re-equilibration
of first-formed olivine may have occurred as crystallization progressed
prior to eruption. (4) And/or olivine may not have been the liquidus
phase in this basalt if the onset of phenocryst growth occurred at deep
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enough levels (and/or relatively low H,O contents) to place
clinopyroxene rather than olivine on the liquidus.

In summary, application of the *** ~MeK,, (olivine-melt) test shows
that the most Mg-rich olivine analyzed in eight of the nine LV basalts
matches the liquidus composition expected to crystallize from a liquid
with the whole-rock composition. Therefore, application of olivine-
melt thermometry to this pairing (most Mg-rich olivine and melt with
whole-rock composition) will give the temperature at the onset of phe-
nocryst growth in each of the eight basalts. With temperature in hand,
an additional test of olivine-melt equilibrium at the liquidus can be
made by applying the RTInM"M8K}, (olivine-melt) model of Blundy
et al. (2020; Eq. 10). The M*~Me[, (olivine-melt) parameter is particu-
larly valuable because it does not require that melt ferric-ferrous ratio
be known. After temperatures are obtained, this additional test is ap-
plied below.

5.2. Olivine-melt thermometry

Numerous olivine-melt thermometers based on the partitioning of
Mg (DRi2'9) have been presented in the literature, and one of their crit-
ical limitations is that they are strongly sensitive to dissolved water in
the melt (e.g., Almeev et al.,, 2007; Médard and Grove, 2008). Therefore,
use of the Mg-based thermometer requires a correction for H,O in the
melt phase (e.g., Putirka et al., 2007), which also requires a priori knowl-
edge (not always available) of the amount of water in the melt at the
onset of olivine crystallization. In contrast, olivine-melt thermometers
based on D/ are independent of melt water contents (and pressure
at crustal conditions; <1 GPa) and require no corrections (Pu et al.,
2021).

Pu et al. (2017) calibrated two olivine-melt thermometers, based on
the partitioning of Mg and Ni, on an identical set of 123 1-bar olivine-
melt experiments. The two thermometers perform equally well, with
1o errors for Tyg and Ty; of +26 and 29 °C, respectively. The average
(+10) temperature difference between the two thermometers
(i.e., Tmg=Tni) is 1 (£29) °C. Therefore, when both thermometers are ap-
plied to the same basalt, any difference in their calculated temperature
>30 °C cannot be attributed to differences in their respective calibra-
tions, and instead may reflect the role of dissolved H,O in the melt. Be-
cause the Ni-thermometer is independent of dissolved water, it
provides the actual temperature at the onset of olivine crystallization
(Pu et al., 2021), and because the olivine liquidus is suppressed to
lower temperatures (e.g., Almeev et al., 2007; Médard and Grove,
2008), calculated Ty; values are consistently lower than Ty values in
hydrous basalts (Pu et al., 2017, 2021). Importantly, the magnitude of
the temperature difference (i.e., Tyg-Tni) scales with the amount of
water in the melt.

For the eight LV basalts that pass the ™" ~M2K, (olivine-melt)
liquidus test and the one that does not, the Mg- and Ni-thermometers
of Pu et al. (2017) were used to calculate temperature at the onset of
phenocryst growth (Fig. 15). For the Mg-thermometer, values of Dg}[giq
were constructed from the most Mg-rich olivine in each sample paired
with a liquid of its whole-rock composition and are reported in Table 2.
Resulting temperatures from the Mg-thermometer (Tyg) range from
1269 to 1168 °C for melts that range from 9.9-6.7 wt% MgO (Table 2;
Fig. 15a). Analytical uncertainties in DR}[Qiq, derived from the microprobe
and whole-rock analytical errors, are relatively low (1-2%), and lead to
propagated uncertainties in Ty of +7 °C.

For the Ni-thermometer, values of D/ were constructed for the
most Mg-rich olivine in each sample based on a linear fit to the olivine
data (wt% NiO vs. mol% Fo content) in Fig. 4. Resulting temperatures
(Tyi) range from 1198 to 1053 °C and are systematically lower than
those obtained with the Mg-thermometer (Table 2; Fig. 15a). Analytical
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Fig. 10. Plots of TiO,, Al,03, Cr»03, and Na,O (wt%) vs. Mg# for CPX analyses from sample #147 with representative crystals highlighted. (a—-d) Analyses of sector-zoned CPX 1 (Fig. 12a-d).
Each sector (dark and light) has distinctly different TiO,, Al,03, and Mg# ranges, but the same Cr,05 contents. Note that the compositional range of the combined sectors in CPX 1 (i.e., a
single crystal) spans nearly the entire compositional range for all clinopyroxene analyses. (e-h) Same as (a-d) but for CPX 2 (Fig. 12e-h). (i-1) Compositional plots for clinopyroxene with
dark core and zoned rim (CPX 16 and 22; Fig. 11d-e). The dark core has the highest Mg# and Cr,05 contents of the entire clinopyroxene population. (m-p) Compositional plots for crystal
with xenocrystic texture (CPX 17; Fig. 11f). TiO, and Al,O3 contents in the low-Mg# core are depleted compared to the rest of the clinopyroxene analyses, whereas rim compositions over-
lap other analyses, which suggests subsequent growth along margins on xenocryst.

uncertainties in DR{"9, derived from errors in the olivine (< 0.01-0.02 5.3. Olivine-melt hygrometry

wt% NiO) and the whole-rock (44 ppm Ni) compositions, lead to prop-

agated uncertainties in Ty; of +11-19 °C for the seven samples with Similar, large differences in temperature (Tyg—Tni) were ob-

>100 ppm Ni. The uncertainties in Ty; for samples #67 and #70 are tained in Pu et al. (2017) and Brehm and Lange (2020), where both

larger owing to their lower whole-rock Ni contents: +33 °C for sample the Mg- and Ni-thermometers were applied to a suite of Mexican

#67 (69 ppm) and +42 °C for sample #70 (49 ppm). arc basalts and the Big Pine basalts, respectively (Fig. 15b and c). In
The results in Fig. 15a illustrate how temperatures based on D",\,ll/gliq those two studies, average AT (= Tyg-Tni) values of 114 and 57 °C,

(Tmg) are systematically higher than those based on DRYMa (Ty;) and respectively, were reported. Since values of AT (= Tyg-Ty;) scale

both systematically decrease with decreasing MgO content in the with melt water content, the expectation is that the Mexican arc ba-

melt. The average temperature difference between the two thermome- salts were nearly twice as hydrous as the Big Pine basalts. This pre-
ters (Tmg—Tni) is ~86 (£27) °C (Fig. 15a), which points to the presence diction is consistent with reported water analyses in olivine-hosted
of dissolved water in the LV basalts. melt inclusions, with 3.9-5.7 wt% in the Mexican basalts (Johnson
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Fig. 11. Representative backscattered electron (BSE) images of clinopyroxene crystals from samples #69, #52, and #147. (a-b) Crystals with oscillatory and sector zoning (CPX 10 and 16
from sample #69; Fig. 9). (c-e) Crystals with dark core surrounded by oscillatory- and sector-zoned rim from samples #52 (Fig. 9) and #147 (Fig. 10). (f) Crystal (CPX 17; sample #147)

with xenocrystic texture (mottled bright interior with dark margins).

et al., 2008; Johnson et al., 2009) and 1.5-3.0 wt% in the Big Pine ba-
salts (Gazel et al., 2012).

Pu et al. (2017) provided a calibration of the relationship between
melt water content and AT (= Tyg-Texp) values on the basis of 35 hy-
drous olivine-melt phase-equilibrium experiments from the literature
and reported a polynomial that allows the minimum amount of water
in the melt phase to reduce the liquidus by AT (= Ty—Tn;) to be calcu-
lated. When this polynomial is applied to the average AT values of 114
and 57 °C for the Mexican arc basalts and the Big Pine basalts, respec-
tively, minimum water contents of 3.9 and 1.7 wt% are obtained and
consistent with those analyzed in olivine-hosted melt inclusions.
When the polynomial from Pu et al. (2017) is applied to the average
AT value of 86 °C obtained for the LV basalts, the average minimum
water content is ~2.8 wt%. When the polynomial expression of
Médard and Grove (2008) is applied, the average water content is also
~2.8 wt%. A further indication that these calculated dissolved water con-
tents are minimum values is due to the fact that the Mg-thermometer
has a pressure dependence, whereas the Ni-thermometer does not.
For example, if the onset of olivine crystallization occurs at 0.5 GPa,
the Tyg value requires a correction of +26 °C (e.g., Herzberg and
O'Hara, 2002; Pu et al., 2021). When this pressure correction is
neglected, the resulting AT (=Twg-Tni) value is too low, which leads
to a calculated water concentration that is also too low.

Another assessment of melt water contents can be made through
application of the Putirka et al. (2007) Mg-based olivine-melt
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thermometer, which includes a correction for dissolved water content.
In the absence of any H,O correction, application of the Putirka ther-
mometer to the LV basalts leads to calculated temperatures that closely
match those obtained by the Pu et al. (2017) Mg-thermometer
(Table 2). Inputting H,O contents of 3-6 wt% into the H,O-corrected
Putirka et al. (2007) thermometer yields temperatures that recover Ty;
temperatures (Table 2; Fig. 15a), demonstrating good agreement with
the Puetal. (2017) thermometer. Note that these melt water concentra-
tions are minimum values when a 1-bar pressure is chosen for the cal-
culation. Brehm and Lange (2020) performed a similar exercise on the
Big Pine basalts (Fig. 15b); it appears that the LV basalts contained
~50% more water than the Big Pine basalts.

Verification that the large, positive differences in Tyg-Tni (Fig. 15)
reflect the effect of dissolved water in the melt phase can be made by
examining D2 values for various basalts with known and varying
melt water contents. It has long been noted that CaO contents in oliv-
ine phenocrysts appear to be a strong function of dissolved water
content, and Gavrilenko et al. (2016) have proposed that D2/"d values
can be used as an olivine-melt hygrometer. In this study, we compare
average AT (= Tug-Tni) values and average D/Ma yalues obtained for
four sets of basalts: (1) the LV basalts from this study, (2) the Big Pine
basalts (Brehm and Lange, 2020), (3) the Mexican arc basalts (Pu
et al., 2017), and (4) the suite of mid-ocean ridge basalts (Allan
et al,, 1989) examined in Pu et al. (2017). Average AT (= Tmg—Tni)

values are plotted as a function of average D2/!9 values (Fig. 16)
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Fig. 12. X-ray intensity maps of Ti, Mg, Cr, and Al for two clinopyroxene crystals (CPX 1 and 2) from sample #147. Note sector and oscillatory zoning of Ti, Mg, and Al, whereas there is only

oscillatory zoning of Cr.

and illustrate a strong, inverse linear (R*> = 0.99) correlation. The
highest D2/ values correspond to the mid-ocean ridge basalts
from Allan et al. (1989), which are nearly anhydrous (~0.1 wt%
H,0), whereas those samples with the lowest D2/1"9 values corre-
spond to the Mexican arc basalts, which have the highest analyzed
water contents (5.7 wt% H,0; Johnson et al., 2009). As expected,
the LV basalts and Big Pine basalts have D2/'9 values between the
MORBs and arc basalts, consistent with melt water contents higher
than those for mid-ocean ridge basalts, yet lower than those for active
arc basalts. Moreover, the LV basalts have lower D2/" values com-
pared to those in the Big Pine basalts, consistent with their higher
minimum melt water contents (~2.8 vs. 1.7 wt%) that is predicted
by their larger average AT (= Tyg-Tni) values (~86 vs. ~57 °C).
Thus, the D29 values in Fig. 16 provide independent corroboration
that the application of both the Mg- and Ni-thermometers from
Pu et al. (2017) to basalts (with olivine compositions that pass the
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Fe*'=Msg liquidus test) provide accurate constraints on minimum
melt water contents at the onset of olivine crystallization.

5.4. Additional evidence of Olivine-melt equilibrium at the liquidus

A final check on olivine-melt equilibrium at the liquidus can be
made by utilizing the model equation of Blundy et al. (2020), which pre-
dicts values of M ~Me[, (olivine-melt) on the basis of temperature and
olivine composition. When the Ty; values (Table 2) are combined with
the most Fo-rich olivine analyzed in each sample (Table 2), calculated
values of M"~MeK, (olivine-melt) derived from the Blundy et al.
(2020) model are obtained (Table 3a). These values can be compared
to measured values of M"~MeKy (olivine-melt) based on the data
given in Tables 1 and 2. An error of ~0.03 is estimated for this measured
Mn=Mgjc value, and it is largely derived from the propagated analytical
uncertainty in MnO concentration in the whole rock (£0.01 wt%) and



Frequency

75
#95

80

Fo
mol %

85

onset of
olivine —
growth

90

Zone of melt

segregation

Fig. 13. Schematic illustration of phenocryst growth in basalt samples during ascent. It is
proposed that the most Mg-rich olivine analyzed in each sample closely represents the
first olivine to crystallize during ascent, when the """ =Mk, (olivine-melt) liquidus test
is passed. In each case, olivine-melt thermometry can be applied using the whole-rock
for the liquid composition, and the calculated temperature (Ty;) is for the onset of
olivine crystallization during ascent.
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Fig. 14. Plot of most Mg-rich olivine composition (mol% Fo) analyzed in each LV sample
versus Mg# of its whole-rock composition (calculated with Fe*>*/Fe” = 0.24, analyzed in
olivine-hosted melt inclusions in Big Pine basalts; Kelley and Cottrell, 2012). Bars on LV
samples represent the propagated effect on Mg# for a variance of +0.03 in the Fe**/Fe”
value. Also shown are samples from Big Pine (Brehm and Lange, 2020) and the
Tancitaro volcanic field, along an active Mexican arc (TVF; Pu et al., 2017). Samples are
superimposed over isopleths of "2 M2k, (olivine-melt). All LV samples from this study
but one (#70, highlighted in grey) fall on Kp isopleths that range from 0.32-0.36
(expected values; Table 1) and thus pass the Kp liquidus test.

crystal (£0.01 wt%). Within this analytical uncertainty of ~0.03, there is
excellent agreement for all samples (but two), with differences of <0.03
between measured values (this study; Table 3b) and those calculated

14

Table 3a
Fe2+-Mgi, (olivine-melt) at liquidus with predicted values from literature.

Calculated F2+-Ms  #69 #52 #147 #95 #23 #90 #67 #70 #129

Kp (olivine-melt)

MELTS (NNO)? 0.32 033 030 030 034 034 032 029 031

Putirka '16" 032 033 033 033 033 033 033 033 033

This study® 034 035 036 032 035 036 036 039 0.32

Diff: This study - 0.02 002 0.03 —0.01 0.02 0.03 0.03 0.06 —0.01
P'169

2 Calculation of "2+ ~Mek,, (olivine-melt) from MELTS (Ghiorso and Sack, 1995;
Asimow and Ghiorso, 1998).

b Calculation of F2*-M2Ky, (olivine-melt) from Putirka (2016).

¢ Calculation of F2+-Me[ (oliv-melt) at liquidus from data in Tables 1 and 2; melt Fe®
*/FeT = 0.24.

4 Difference between values obtained with Putirka (2016) calculation and this study.
Results for sample #70 in italics, see Section 5.1.2 for application of olivine-melt liquidus
test.

Table 3b
Comparison of M*M, (olivine-melt) at liquidus with predicted values from literature.

Calculated #69 #52 #147  #95 #23  #90 #67 #70 #129
Mn—MgKD

(olivine-melt)

Blundy '20* 021 0.21 020 020 020 020 021 021 0.19
This study® 021 0.18 019 0.8 020 019 025 025 0.18
Diff: This 0.00 —0.03 —-0.01 —-0.02 0.00 —0.01 0.04 0.04 —-0.01
study -

B'20¢

2 Calculation of M"Me[;, (olivine-melt) from Blundy et al. (2020, Eq. 10); using Ty;
(Table 2, this study).

b Measured M"-MeK;, (olivine-melt) at liquidus from data in Tables 1 and 2.

¢ Difference between values obtained with Blundy et al. (2020, Eq. 10) calculation and
this study.

from the model of Blundy et al. (2020). The exceptions are samples
#67 and #70, for which the M*~MgK,, (olivine-melt) values deviate by
0.04 (Table 3b). These results fully support the conclusions drawn on
the basis of the "' ~MKy (olivine-melt) liquidus test (Table 3a;
Fig. 14), and they additionally show internal consistency with the
olivine-melt thermometry results obtained in this study, which are
based on the Ni-thermometer of Pu et al. (2017, 2021).

5.5. Maximum pressure (depth) at onset of clinopyroxene growth

Clinopyroxene phenocrysts were analyzed in the three most Mg-
rich LV basalts, and in two of them (#52 and #147), the most Cr- and
Mg-rich composition was found in dark un-zoned cores (Table 4).
When each pyroxene composition is paired with its respective whole-
rock composition, the resulting " ~M&Kp value (Table 4; where Fe' re-
fers to total iron in both pyroxene and melt) overlaps the range pre-
dicted for clinopyroxene-liquid Fe-Mg exchange equilibrium (0.27+
0.03; Putirka, 2008) and suggests that clinopyroxene closely followed
olivine as a crystallizing phase in these two cases. An estimate of the
maximum depth for the onset of clinopyroxene crystallization in these
two samples can be obtained by applying the Neave and Putirka
(2017) clinopyroxene-melt geobarometer. Calculated pressures in-
crease with temperature and the MgO content of the melt. Therefore,
by applying Ty; (the temperature at the onset of olivine crystallization)
and the whole-rock composition, a maximum depth for the onset of
clinopyroxene is determined. The results show that the dark, unzoned
cores in clinopyroxene began to crystallize at pressures <0.54 GPa
(CPX 22, #147) and <0.45 GPa (CPX 6; #52). These results confirm
that there is no evidence of clinopyroxene crystallization at lower
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Fig. 15. Calculated temperatures (°C) from olivine-melt Mg- and Ni-thermometers (Tyg
and Ty;, respectively) from Pu et al. (2017) versus whole-rock MgO (wt%) along with
Twug from Putirka et al. (2007) calculated at anhydrous and various H,O contents. (a) LV
basalts from this study, (b) Big Pine basalts (Brehm and Lange, 2020), and (c) Tancitaro
volcanic field from the Mexican arc (TVF; Pu et al., 2017). Both Ty, and Ty; increase
linearly with increasing whole-rock MgO (wt%). Larger AT values (larger suppression of
olivine liquidus temperatures due to dissolved water) reflect higher water contents.
Note that the average AT (=Tyg-Ty;) for the Long Valley basalts (86 °C) is between the
average AT for Big Pine and the TVF (57 °C and 114 °C, respectively), which suggests the
LV basalts contained an average water content between those reported for the Big Pine
basalts (<3 wt%; Gazel et al., 2012) and TVF basalts (<5.7 wt%; Johnson et al., 2009). This
conclusion is also supported by Ty values calculated with the Putirka et al. (2007)
thermometer, where H,O contents of 3-6, 1.5-3.5, and 4-7 wt% recover Ty;
temperatures (Pu et al,, 2017) for LV, Big Pine, and TVF basalts, respectively.

crustal depths in the LV basalts, unlike the case for the Big Pine basalts
(Mordick and Glazner, 2006; Brehm and Lange, 2020).

In sample #69, only sector- and oscillatory-zoned clinopyroxene
crystals are found. When one of the most Mg-rich clinopyroxenes
(CPX 16) is paired with the whole-rock composition, the resulting
Fe™=Ms[ value of 0.39 (a value too high for equilibrium, confirming py-
roxene is not a near-liquidus phase) and a maximum depth of <0.19 GPa
is obtained. This result underscores the conclusion drawn in Brehm and
Lange (2020) that sector- and oscillatory-zoned clinopyroxenes in ba-
salts form by rapid, degassing-induced crystallization in the upper
crust after fluid saturation during ascent has occurred.
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Fig. 16. Average AT (=Tyg-Tn;) versus mol% D2/ for Long Valley basalts (this study), Big
Pine basalts (Brehm and Lange, 2020), TVF arc basalts (Pu et al., 2017), and MORBs (Allan
etal., 1989; Puetal, 2017). Larger AT (and thus higher melt H,0, due to its suppression of
olivine liquidus) correlates negatively with mol% D2/, where lower values are associated
with higher melt water contents (e.g. Gavrilenko et al,, 2016). Large symbols with capped
bars denote suite average and sample variation. Note that results for individual LV basalts
(small red circles with uncapped bars denoting propagated error) plot along the trend line
within the +30°C dashed error bars.

Table 4

Max Mg# clinopyroxene composition (wt%) and max cpx-liquid barometry results.
Sample #69 #52 #147
Crystal CPX 16 CPX 6 CPX 22
Texture Sector zoned Dark core Dark core
Si0, 51.71 52.85 50.95
TiO, 0.72 0.24 0.50
AL O3 2.82 2.53 3.94
FeO" 5.27 4.18 483
MnO 0.11 0.11 0.10
MgO 16.83 18.31 16.85
Ca0 22.39 20.42 21.06
Na,O 0.24 0.55 0.53
Cr,03 0.43 1.14 1.01
Mg# 85.1 88.7 86.1
Clinopyroxene-liquid barometry®
Fel-Mgpe (cpx-liquid) 0.39 027 0.28
P (GPa), Ty; (°C)° 0.45, 1155 0.54, 1092
Depth (km)© 17 20

2 Calculated with Neave and Putirka (2017) model; whole-rock for liquid composition.
b Ty from Table 2.
¢ Average crustal density of 2.75 g/cm? assumed.

6. Conclusions and implications

There are several major findings and key conclusions that can be
drawn from this study. First and foremost, the high-MgO (6.7-9.9 wt%)
LV basalts examined in this study contain olivine and clinopyroxene phe-
nocrysts that display diffusion-limited, rapid-growth textures, consistent
with crystallization during ascent (along fractures) to the surface. More-
over, eight of nine of these basalts contain an olivine phenocryst popula-
tion where the most Mg-rich composition matches that expected for the
liquidus of the whole-rock composition. In other words, the most
Mg-rich olivine passes the " ~MéK, (olivine-melt) and M"~Msk,



(olivine-melt) liquidus tests (e.g., Putirka, 2016; Blundy et al., 2020),
which indicates that the first olivine to crystallize in each basaltic liquid
is closely represented by the most Mg-rich olivine analyzed in each
sample.

Another major finding is that application of the Ni-based olivine-
melt thermometer of Pu et al. (2017), which requires no corrections
for melt water content, gives temperatures that range from 1198 to
1053 °C for the onset of olivine growth during ascent. Additionally,
when the Mg-thermometer from Pu et al. (2017) is additionally applied,
which gives the temperature under anhydrous conditions, the differ-
ence between Ty, and Ty; gives the magnitude of the suppression
of the liquidus due to dissolved water in the melt. The average
AT (=Tyg-Tyi) for all nine LV basalts is 86 (+27) °C and corresponds
to an average minimum water content of ~2.8 wt% (Pu et al.,, 2017).
When the H,0-corrected olivine-melt thermometer of Putirka et al.
(2007) is applied, the average amount of H,O required to match the
Ty values is ~4.3 (4+1.5) wt%. The water contents in the LV basalts are
lower than those in basalts erupted from the Mexican arc (e.g., <5.7
wt% H,0 in Mexican arc; Johnson et al., 2009), but higher than those
in the Big Pine basalts (1.5-3.0 wt% H,0; Gazel et al,, 2012). The higher
water contents in the LV basalts are consistent with their higher Ba/La
ratios (indicative of slab-derived fluid signature) relative to those in
the Big Pine basalts (Fig. 2b).

Finally, clinopyroxene phenocrysts in the three most Mg-rich LV ba-
salts did not begin to crystallize until upper crustal depths (<0.5 GPa).
The absence of clinopyroxene crystallization in the LV basalts during
transit through the lower crust, which did occur in several Big Pine ba-
salts, may also reflect the role that the higher water contents in the LV
basalts played in suppressing the clinopyroxene liquidus at those
depths.
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