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ABSTRACT

The Cima volcanic field, in the southern
Basin and Range province (California, USA),
includes >70 eruptive units over the last
8 m.y. The youngest (<1 Ma) are low Mg#
(256) hawaiites derived from an astheno-
spheric mantle source. The Cima hawaiites,
and adjacent Dish Hill basanites, are known
for carrying large mantle xenoliths, which
precludes stalling in a crustal reservoir. This
raises the question of how low Mg# hawaiites,
which cannot be in equilibrium with perido-
tite mantle, formed and differentiated while
carrying dense, mantle xenoliths. Several
hypotheses are evaluated and the only one
shown to be viable is mixing between high-
MgO basanite (with entrained mantle xe-
noliths and sparse olivine phenocrysts) and
low-MgO mugearite liquids, which formed
by partial melting of mafic lower crust un-
der relatively dry and reducing conditions.
Multiple lines of evidence, including the
presence of mantle xenoliths in hawaiites,
diffusion-limited growth textures in olivine
and clinopyroxene, and notably thin Fe-rich
rims on high-MgO olivine crystals (inher-
ited), indicate magma mixing must have oc-
curred rapidly (days or less) during ascent to
the surface along intersecting fractures, and
not in a stalled crustal reservoir. Abundant
evidence points to clinopyroxene growth im-
mediately after mixing, and application of
clinopyroxene-melt barometry constrains
the depth of mixing to the lower and middle
crust (0.8-0.4 GPa). Results from olivine-
melt thermometry/hygrometry (~1196 °C
and ~1.4wt% H,0) applied to a basanite
from Dish Hill carrying 5-20 cm mantle xe-
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noliths leads to calculated ascent velocities
20.3-4.9 km/h, enabling ascent through the
36 km thick crust in <7-119 h.

INTRODUCTION

The Cima volcanic field and the nearby Dish
Hill volcanic cone, located in the Mojave Des-
ert in southeastern California, are among many
localities in the western United States that are
known for lavas that carry mantle peridotite
xenoliths (e.g., Wilshire et al., 1988, 1991;
Farmer et al., 1995; Wilshire and McGuire,
1996; Mukasa and Wilshire, 1997; Luffi et al.,
2009; Baziotis et al., 2017, 2019). This requires
that these magmas ascended rapidly to the sur-
face without stalling in crustal magma chambers,
otherwise the mantle xenoliths would settle out.
For peridotite-bearing lavas that are MgO-rich,
and thus close representatives of partial melts
of the mantle, there is an opportunity to apply
olivine-melt thermometry and hygrometry at the
onset of olivine phenocryst growth during ascent.
This approach was demonstrated to be effective
for basalts carrying mantle xenoliths from the
Big Pine volcanic field in California (Brehm
and Lange, 2020). In Brehm and Lange (2020),
the hygrometry results give water contents that
match those analyzed directly in olivine-hosted
melt inclusions in Big Pine basalts (1.5-3.0 wt%
Gazel et al., 2012).

One of the primary goals of this study is to
apply a similar approach to lavas from the Cima
volcanic field (and Dish Hill) to obtain tem-
peratures and water contents at the liquidus.
Because direct analyses of water contents in
olivine-hosted melt inclusions from Cima lavas
are available (Plank and Forsyth, 2016), the
accuracy of the hygrometry results can be inde-
pendently evaluated. The resulting temperatures
and melt water contents can then be compared
between mafic melts derived from two distinctly
different mantle sources. Whereas the Big Pine
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basalts have a geochemical signature that indi-
cates a subduction-modified lithospheric mantle
source (e.g., Gazel et al., 2012; Putirka et al.,
2012), the Cima and Dish Hill lavas have trace-
element contents and isotopic ratios that indi-
cate an origin in the asthenosphere (e.g., Farmer
et al., 1995; Shervais et al., 1973; Wilshire and
Trask, 1971). An additional objective is to test
whether clinopyroxene-liquid barometry can be
applied at the onset of clinopyroxene growth.

Another main goal of this study is to under-
stand why several of the peridotite-bearing Cima
lavas are so low in MgO content (>5 wt%), with
Mg# values (>56) too low to be in equilibrium
with peridotite mantle. The challenge is to iden-
tify what differentiation process(es) enable such
low-MgO melts to carry large chunks (~5 cm
diameter) of dense mantle peridotite to the sur-
face. Again, the latter observation requires rapid
ascent through the crust and precludes storage
in a crustal magma chamber. In this study, tests
of several competing hypotheses to explain
the low-MgO content of the peridotite-bearing
lavas are made, including the possibility of rapid
magma mixing during ascent along intersecting
fractures.

TECTONIC SETTING, GEOCHEMICAL
SIGNATURE, AND PREVIOUS WORK

The Cima volcanic field (~150 km?), located
in the Mojave Desert in southeastern California
(Fig. 1), is a part of the Basin and Range Prov-
ince that has undergone lithospheric extension
for the past 12 m.y., continuing to the present
(e.g., Davis et al., 1993). It contains >70 lava
cones and associated flows consisting of alkali
olivine basalts, hawaiites, and mugearites (e.g.,
Wise, 1969; Wilshire et al., 1991; Farmer et al.,
1995). Two pulses of volcanic activity occurred
between 7.6 and 3.0 Ma and 1.0 Ma to present
(Dohrenwend et al., 1984; Turrin et al., 1985).
Mantle xenoliths are found in lavas from both

https://doi.org/10.1130/B36390.1; 18 figures; 4 tables; 1 supplemental file.
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time periods (e.g., Wilshire et al., 1991; Mukasa
and Wilshire, 1997; Luffi et al., 2009; Baziotis
et al., 2017, 2019). Farmer et al. (1995) divided
the Cima suite into three groups based on volca-
nic age, isotopic signature, and chemical com-
position. Group 1a lavas (<1 Ma) have initial
Sr and Nd isotopic values consistent with an
asthenospheric mantle source (e.g., Peterman
et al., 1970; Farmer et al., 1995) (Fig. 2). They
contain 5.4-8.2 wt% MgO and are classified as
hawaiites on a total alkali versus SiO, (TAS) dia-
gram (Fig. 3). Group 1b lavas (3—-5 Ma) are not
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mantle-derived (3.4-5.5 wt% MgO; classified as
mugearites in Fig. 3). Group 2 and Group 3 lavas
(5.5-7.6 Ma) range from ~6 to 9 wt% MgO;
they have progressively lower &yy values with
age relative to the Group 1 lavas (Farmer et al.,
1995) (Fig. 2). Isotopic signatures of the Cima
ultramafic (mantle) xenoliths are consistent with
enriched lithospheric mantle, whereas mafic
(gabbroic) xenoliths largely overlap the Group
la lavas (Fig. 3), consistent with their origin as
partial melts of the asthenosphere (Mukasa and
Wilshire, 1997; Farmer et al., 1995).
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from Mukasa and Wilshire
(1997). Isotopic data for other

alkaline volcanic suites include Amboy and Pisgah craters (Glazner et al., 1991), the Big
Pine volcanic field (Blondes et al., 2008), and the Sangangiiey (Mexico) alkaline suite (Verma
and Nelson, 1989; Gémez-Tuena et al., 2014; and Diaz-Bravo et al., 2014).
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Figure 1. Google Earth map of
the Cima volcanic field in Cali-
fornia, USA depicting all sam-
ple locations from this study
in solid circles. Samples from
Farmer et al. (1995) are shown
by solid triangles. Samples that
contain mantle xenoliths from
this study and Farmer et al.
(1995) are highlighted in red.
K-Ar dates by Dohrenwend
et al. (1984) and Turrin et al.
(1985) identify two distinct age
groups within the Cima volca-
nic field including (1) <1 Ma
and (2) 3-7 Ma. All samples in
this study are from the young-
est (<1 Ma) age group. The in-
set map shows the locations of
adjacent basaltic flows at Dish
Hill (DH), Amboy Crater (AC),
Pisgah Crater (PC), Big Pine
(BP), and Long Valley (LV).

Plio-Quaternary alkaline volcanism is also
present in neighboring regions, including Dish
Hill (DH), Amboy Crater (AC), and Pisgah Cra-
ter (PC). These localities are highlighted in the
inset map shown in Figure 1. Dish Hill lavas are
the oldest (ca. 2.1 4= 0.2 Ma; Wilshire and Trask,
1971) and range up to 9.8 wt% MgO, whereas
those from Pisgah Crater (<24.2 + 2.7 ka; Phil-
lips, 2003) and Amboy Crater (<96.9 £5.3
ka; Phillips, 2003) are younger and contain
~5-9 wt% MgO (e.g., Smith and Carmichael,
1969; Glazner et al., 1991). Dish Hill is well
known for carrying peridotite mantle xenoliths,
which mostly range from 5 to 10 cm in diam-
eter but sometimes extend to 15-20 cm (e.g.,
Wilshire and Trask, 1971; Shervais et al., 1973;
Wilshire et al., 1980; Banfield et al., 1992;
Righter and Carmichael, 1993; Wilson et al.,
1996; Luffi et al., 2009; Armytage et al., 2014,
2015). Mantle xenoliths have not been found in
flows from Pisgah Crater or Amboy Crater.

SAMPLE LOCATIONS AND
PETROGRAPHY

All 12 samples collected for this study are
from the Cima volcanic field (ten; Fig. 1) and
Dish Hill (two). The locations of the Cima
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samples on the geological maps of Wilshire
(2002a, 2002b) are shown in Figs. S1A and
S1B'. Only flows <1 Ma were targeted, and
thus overlap the Group 1a suite of Farmer et al.
(1995). Three separate samples (Cima-4a, -4b,
and -5) were obtained from the same flow to
evaluate variations in whole-rock composi-
tion and phenocryst assemblage. Mantle xeno-
lith localities from this study and Farmer et al.
(1995) are shown with red symbols. Peridotite
xenoliths in flows sampled in this study are up
to 9 cm in diameter (see Fig. S2, Supplemental
Material). A peridotite-bearing lava from Dish
Hill (Fig. 1 inset) was also sampled, and a sec-
ond xenolith bearing Dish Hill sample from Ian
Carmichael’s collection (CC-1) is also examined
in this study.

The ten Cima samples have a phenocryst
assemblage of olivine + plagioclase + clino-
pyroxene, whereas the Dish Hill samples only
contain olivine phenocrysts; clinopyroxene and
plagioclase are restricted to the groundmass.

ISupplemental Material. Table S1: Standards
employed for electron microprobe analyses of
olivine, clinopyroxene, plagioclase, and Fe-Ti oxides.
Table S22: Analyzed trace-element concentrations
for all Cima samples. Table S3: Olivine phenocryst
analyses for all Cima and Dish Hill samples. Table
S4: (A) Clinopyroxene analyses for five Cima
hawaiites. (B) Composition of the most Mg-rich
clinopyroxene phenocryst. Table S5: (A) Microprobe
analyses of ilmenite and titanomagnetite from six
Cima hawaiites. (B) Fe-Ti oxide thermometry and
oxybarometry (Ghiorso and Evans, 2008) results for
all possible pairs of ilmenite and titanomagnetite.
(C) Composition (wt%) of onset ilmenite and
titanomagnetite pair that pass the Bacon and
Hirschmann (1988) test for equilibrium. Table S6:
(A) Plagioclase phenocryst analyses for three Cima
hawaiites. (B) Analysis of most calcic plagioclase
phenocryst. Table S7: Olivine-melt thermometry
applied to all Cima and Dish Hill samples. Please
visit https://doi.org/10.1130/GSAB.S.19633134
to access the supplemental material, and contact
editing @geosociety.org with any questions.
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Figure 3. Total alkalis
(Na,O + K,0 wt%) versus SiO,
(wt%) diagram for the Cima
and Dish Hill (DH) samples
(California, USA) presented in
this study (closed symbols). Ad-
ditional Cima volcanic samples
(groups 1a, 1b, 2, and 3) are
from Farmer et al. (1995). Sam-
ples from Pisgah and Amoby
craters (PC and AC, respec-
tively) are shown for compari-
son (Smith and Carmichael,
1969; Wise, 1969; Glazner
et al., 1991; Phillips, 2003).

Nine of the ten Cima samples contain both tit-
anomagnetite and ilmenite. [lmenite is absent in
Cima-1 and in the two Dish Hill samples. Chro-
mite occurs as sparse inclusions only in olivine
phenocrysts.

ANALYTICAL METHODS
Whole-Rock Major- and Trace-Elements

Ten samples from the Cima volcanic field
and two from Dish Hill were crushed and pow-
dered in a tungsten carbide shatterbox. Major-
and trace-element analyses were performed by
inductively coupled plasma—mass spectrometry
at Activation Laboratories, Ontario, Canada.
Whole-rock Ni analyses were also performed
at Activation Laboratories via single element
pressed pellet X-ray fluorescence.

Electron Microprobe Analyses of Mineral
Phases

The compositions of olivine, clinopyroxene,
Fe-Ti oxides, and plagioclase crystals in the
Cima and Dish Hill samples were analyzed
using a Cameca SX-100 electron microprobe
at the Robert B. Mitchell Electron Microbeam
Analysis Lab at the University of Michigan, Ann
Arbor, Michigan, USA. Crystalline standards for
all analyses are contained in the University of
Michigan collection and are presented in Table
S1 (see footnote 1). Details for the plagioclase
analyses are presented in the supplemental file,
whereas those for olivine, clinopyroxene, and
the Fe-Ti oxides are presented below.

Analyses of olivine phenocrysts in the ten
Cima and two Dish Hill samples, as well as
olivine crystals in a mantle xenolith entrained in
Cima-4a, were obtained using a focused beam
with an accelerating voltage of 20kV and a
40 nA current. Eight elements (Mg, Al, Si, Ca,
Cr, Mn, Fe, Ni) were analyzed with individual
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peak and background counting times of 30 and
20 s, respectively, for Mg, Fe, Si, and Ni, and 20
s each for Al, Ca, Cr, and Mn. The 1o error based
on counting statistics are +0.29 SiO,, +0.21
MgO, +0.31 FeOT, £0.02 NiO, £0.02 Cr,0,,
+0.02 AL,O;, +£0.02 CaO, and £0.05 MnO
wt%. Analytical transects were collected for a
total of 43—100 olivine phenocrysts per sample
with individual spot analyses every 25-35 pm,
yielding between 198 and 745 analyses per sam-
ple. Analyses were filtered to exclude those with
analytical totals outside 99-101 wt%.

Analyses of clinopyroxene phenocrysts were
obtained on five representative samples (Cima-
1, -2, -3, -5, and -8) using a 20 kV accelerating
voltage and a focused beam with a 20 nA cur-
rent. Ten elements (Na, Mg, Al, Si, Ca, Ti, Cr,
Mn, Fe, Ni) were analyzed with peak and back-
ground counting times of 20 s each. The 1o error
based on counting statistics are £0.06 Na,O,
+0.16 MgO, £0.13 Al,O;, +0.65 SiO,, £0.23
CaO, £0.08 TiO,, £0.03 Cr,0;, £0.03 MnO,
+0.17 FeOT, and £0.03 NiO wt%. Analytical
transects across 42-83 clinopyroxene pheno-
crysts per sample were collected with individual
spot analyses every 25-35 um, yielding 197-335
analyses per sample. Clinopyroxene analyses
were filtered to exclude analytical totals outside
98.5-100.5 wt%.

Titanomagnetite and ilmenite grains large
enough for analysis were found in eight and six
Cima samples, respectively. Nine elements (Si,
Ti, Al, Fe, V, Cr, Mn, Mg, Ca) were analyzed
with a focused beam, a 15 kV accelerating volt-
age, and a 10 nA current. Peak and background
counting times are 20 s each. Single spot analy-
ses of ilmenite and titanomagnetite were col-
lected and FeO and Fe,O; are calculated based
on cation stoichiometry. Analyses were filtered
to exclude those with >0.25 wt% SiO, or CaO
and analytical totals outside 98—101 wt%, yield-
ing between 3 and 44 analyses per sample. For
ilmenite the 1o error from counting statistics are
+0.10 MgO, £0.13 Al,O;, +£0.26 SiO,, £0.11
Ca0, +0.08 V,05 £0.06 Cr,03, £0.09 MnO,
+0.59 FeOT, and +0.64 TiO,. For titanomag-
netite the 1o error from counting statistics are
+0.13 MgO, £0.14 AL, O;, £0.12 SiO,, +0.08
CaO, £0.09 V,05 +0.07 Cr,0;, £0.09 MnO,
£0.81 FeOT, and £0.53 TiO.,.

X-ray intensity maps of P and Fe for the most
forsteritic olivine analyzed in three samples
(Cima-8, -3, CC-1) were collected using a 15 kV
accelerating voltage and a 200 nA beam current.
Wavelength dispersive spectroscopy maps were
collected with P on four spectrometers and Fe on
the fifth with dwell times of 200-300 psec/pixel.
Back-scattered electron images for all analyzed
olivine, clinopyroxene, and plagioclase crystals
were collected.
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Xugo/(Xmgo + Xreo) calculated using Fe3+/FeT = 0.16 (consistent with Fe-Ti oxide oxybarometry).

Notes: Major element oxide components normalized to 100% and presented with original totals and loss on ignition(LOI). Lat—latitude; Long

*Mantle xenolith bearing.
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XCaAl,Si,04/(XCaALSi,05 + XNaAISi,Op).

#*\Jent numbers and associated flows from Wilshire et al. (2002a, 2002b).

Sliquid anorthite(liq An)#

ANALYTICAL RESULTS

Whole-Rock Major- and Trace-Element
Analyses

All whole-rock major-element oxide compo-
nents are normalized and presented with origi-
nal totals and loss on ignition in Table 1. In this
study, the total alkali versus SiO, (TAS) diagram
is used to classify samples (Fig. 3). The two Dish
Hill samples are basanites and have relatively
high MgO (7.5-9.8 wt%) and Ni (138-197 ppm)
contents, whereas the Cima samples from this
study (and most Group 1a samples from Farmer
et al., 1995) are hawaiites and contain 5.5—
7.1 wt% MgO and 61-90 ppm Ni. Note that the
Group 1b samples from Farmer et al. (1995) are
mugearites in the TAS diagram (Fig. 3).

Whole-rock major-element compositions
for the three samples taken from the same flow
(Cima-4a, -4b, and -5; Fig. 1) show little vari-
ability (within 0%—2% relative; Table 1) in the
flow and good analytical reproducibility. Note
that this flow has a relatively low Mg# of ~56
(Table 1), and yet it contains peridotite xenoliths.

Select trace element concentrations and ratios
are shown in Table 1, whereas all analyzed trace
element concentrations are presented in Table S2
(see footnote 1). A plot of Ba/La versus Nb/Zr
(Fig. 4) confirms an asthenospheric source for
the Cima and Dish Hill samples, as previously
demonstrated in the literature (e.g., Farmer et al.,
1995; Wilshire and Trask, 1971; Shervais et al.,
1973). In contrast, the Big Pine basalts from
Brehm and Lange (2020) have elevated Ba/La
ratios consistent with a subduction-modified
lithospheric mantle source (Gazel et al., 2012;
Putirka et al., 2012). Also shown in Figure 4 are
results for other basaltic suites for which the
olivine-melt thermometer and hygrometer of Pu
et al. (2017, 2021) have been applied and are
discussed later in the section on hygrometry.

Variation diagrams of wt% Si0O,, Al,O5, TiO,,
FeOT, Ca0, P,0s, Na,0, and K,O versus wt%
MgO for the Cima and Dish Hill basalts are pre-
sented in Figure 5. In addition to the samples
from this study, Group 1a and Group 1b Cima
samples from Farmer et al. (1995) are also
shown, as well as high-MgO (>8 wt%) samples
from the literature including Pisgah Crater and
Amboy Crater (Wise, 1969; Smith and Car-
michael, 1969; Glazner et al., 1991; Phillips,
2003). A similar set of variation plots are shown
for select trace element concentrations (Cr, Ni,
Sc, Ba, La, Rb, Zr, Eu) versus wt% MgO in
Figure 6, using the same samples and symbols
as in Figure 5. A linear fit to the Cima hawaiite
data (solid black symbols) only is performed for
each major- and trace-element component as a
function of wt% MgO in Figures 5 and 6. An



&

50 1

40

30 1

o@<§><><>
<><>

Ba/La

20

10 [% . AA

0 T

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Nb/Zr

Cima

Dish Hill

Sangangliey (Mesa and Lange, 2020)

Big Pine (Brehm and Lange, 2020)

Mexican arc (Pu et al., 2017)

Long Valley basalt (Jolles and Lange, 2021)
Hawaii Tholeiite (Hofmann and Jochum, 1996)

O00eOre

Figure 4. Ba/La versus Nb/Zr for 10 Cima
basalts and two Dish Hill basalts (Califor-
nia, USA). Plotted for comparison are ba-
salts from the Big Pine volcanic field (Brehm
and Lange, 2020), Long Valley (Jolles and
Lange, 2021), the active Mexican arc (Pu
et al., 2017), Hawaiian tholeiite (Hofmann
and Jochum, 1996), and the Sangangiiey
intraplate basalts from Mexico (Mesa and
Lange, 2020). An increase in Ba/La cor-
responds to increased involvement of slab-
derived fluid (e.g., Fitton et al., 1988, 1991).

extrapolation of the linear fit to 10 wt% MgO
overlaps the high-MgO basalts from Dish Hill,
Pisgah, and/or Amboy in most cases, whereas an
extrapolation to 4 wt% MgO broadly overlaps
the low-MgO Cima mugearites (Group 1b).

Olivine Results

All individual analyses of olivine from the
Cima and Dish samples are presented in Table
S3 (see footnote 1). The phenocryst data are
summarized for each sample in histograms of
analyzed Fo content (mol%) (Fig. 7). Almost
all olivine analyses are > Fo,,, and the sparse
few that are as low as ~Fog are restricted to rim
analyses. A histogram of the olivine analyses
from the mantle lherzolite xenolith from Cima-
4a is shown in Figure S3; all analyses cluster
tightly around ~Fo,,, which overlaps com-
positions reported for olivine in Cima mantle
xenoliths from Wilshire et al. (1991). The most
Mg-rich olivine phenocryst analyzed in each
sample is reported in Table 2 and spans a nar-
row range (Fogq ¢¢) for 11 of the 12 samples,
despite a wide range in whole-rock MgO content
(5.9-9.8 wt%). Analyzed CaO, NiO, and MnO
wt% are plotted against Fo mol% (Figs. 8-10)
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56 A 35 =
1 o o 3.01
52{ ©0QQ o ° o 4
E 50 | 0" 025 ""?"'EP
s 50 ° % o) o © OE|
Q' 48 1 ®5 5201 © o
@ 46 | v | Fas
44 |
42 | 1.0
40 R2 = 0.60 0.5 | R =0.0001
2 3 45 6 7 8 9 10 1 2 3 45 6 7 8 10 1
MgO wt% MgO wt%
19 c 13 =
184 ° 12 1
o 0 X L
%17' S e® ‘§11 o om. A
o < 10 1 . - -
0,16 A O Yo D ®
= [j'".‘ g O o
15 | & o | °
14 7
13 LR=0.35 s LR2=003
2 3 4 5 6. 7 8 9 10 11 2 3 4 5 6 7 8 10 M
MgO wt% MgO wt%
13 6.0
12 E oo | F
1 e -
§10- O»‘Iﬁ?‘ 9\35'0- © .
; o ; -~
9 0 o
% A O A ON45 o
O 8 A © (@) o)
o o z o° A
7 ] Q3 4.0 - o
61 ° 35 O%
5 - : ..
4 |R2=071 30 | R2=0.73 ..
2 3 4 5 6. 7 8 9 10 11 2 3 4 5 6.7 8 9 10 11
MgO wt% MgO wt%
3.0 14
, G 12 | H
5 1 @) o A
i oo © 10 ]
22.0- O"~'..‘58 08l 82
: TR g Toegy
X¥'15 0'0.6 E A
e} S .
°© 0.4
1.0 02 |
o5 R?=0.29 " |R2=0.25
. ————————— 0.0 ——————————
2 3 4 5 6 7 8 9 10 11 2 3 4 5 6 7 8 9 10 11
MgO wt% MgO wt%

® Cima, this study © Cima group 1a ( F’95) o AC (I
A DH, this study ©Cima group 1b ( F’'95) © PC (I

Figure 5. Whole-rock major-element variation plots versus MgO
Dish Hill (DH) samples (California, USA). Plotted for comparison
1b Cima samples presented by Farmer et al. (1995), as well as whol

iterature)
iterature)

(wt%) for the Cima and
are Group la and Group
e-rock compositions from

samples with >8 wt% MgO reported for Pisgah Crater (PC) (Smith and Carmichael, 1969;
Wise 1969; Glazner et al., 1991; Phillips, 2003) and Amboy Crater (AC) (Smith and Car-
michael, 1969; Glazner et al., 1991). A linear fit to the Cima hawaiites only (from this study
and Group la; Farmer et al., 1995) is shown in black. Extrapolations to low-MgO (4 wt%)
and high-MgO (10 wt%) broadly overlap Cima mugearite and Pisgah/Amboy high-MgO

samples, respectively.
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Figure 6. Whole-rock trace-element variation plots (Cr, Ni, Sc, Rb, Ba, La, Za, Eu) versus
MgO (wt%) for the same samples presented in Figure 5. A similar linear fit to only the Cima
hawaiite data from this study combined with the Farmer et al. (1995) Group 1a samples is
shown in black. Extrapolations to low-MgO (4 wt%) and high-MgO (10 wt%) broadly over-
lap Cima mugearite and Pisgah/Amboy high-MgO samples, respectively.
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and are fitted to a linear relationship for the top
3 mol%. This relationship is used to calculate
Ca0, NiO, and MnO wt% for the most Mg-rich
olivine composition (Table 2), which eliminates
scatter associated with microprobe analytical
uncertainty.

In all Cima and Dish Hill samples, most ana-
lyzed olivine crystals contain >0.2 wt% CaO.
However, in nine samples (five of which have
entrained mantle xenoliths), a separate and
sparse population of low-CaO olivine is found.
These olivine crystals have CaO contents that
overlap those analyzed in olivines from Cima
peridotite xenoliths (0.10 & 0.03 wt% CaO;
Wilshire et al., 1991) and the adjacent Dish
Hill xenoliths (0.07 & 0.02 CaO wt%; Wilshire
et al., 1991). It is well established in the litera-
ture that elevated CaO contents can be used to
distinguish olivine phenocrysts from olivine
xenocrysts that are disaggregates of peridotite
(e.g., Simkin and Smith, 1970; Heinrich and
Besch, 1992; Luhr and Aranda-Gémez, 1997;
Housh et al., 2010; Brehm and Lange, 2020).
Thus, the high-CaO population of olivine in
each sample is interpreted to have grown as
phenocrysts.

Back-scattered electron (BSE) images of the
most Mg-rich olivine crystals in eight repre-
sentative samples from this study are shown
in Figure 11. The crystals (mostly Fog, ¢;) are
notable for their relatively thin Fe-rich rims,
despite the wide variation in whole-rock MgO
content. X-ray intensity maps of P and Fe
for three of these eight olivine crystals (CC-
1, Cima-3, Cima-8) are shown in Figure 12.
Olivine phenocrysts show patterns of complex
P zoning (e.g., dendritic, oscillatory) with
relatively thin Fe-rich rims, especially in the
sample shown that has the lowest whole-rock
MgO content (6.5 wt%; Cima-8). For com-
parison, a P map of olivine from a San Carlos,
Arizona, USA peridotite xenolith from Brehm
and Lange (2020) is also shown (Fig. 12) and
displays no P zonation. Thus, the presence
of complex P-zonation in olivine is also evi-
dence of phenocryst growth. BSE images of
other olivine crystals from the Cima samples
that range to lower Fo-contents (Fig. 13) also
display diffusion-limited growth textures (e.g.,
skeletal and hopper).

Clinopyroxene Results

Details concerning the clinopyroxene results
are presented in the supplemental file, and only
key points are highlighted below. Individual
spot analyses (Table S4; see footnote 1) along
each crystal transect were assigned to one of
three textural categories: (1) sector- or oscilla-



Origin of Cima Hawaiites

60 60 60 - 60 -
CC-1 A DH-1 B Cima-3 C Cima-8 D
50 | 9.8 wi% MgO 50 1 7.5 wt% MgO 50 7.1 wt% MgO 50 1{ 6.5 wt% MgO
max Fo87.8 max F086.6 max Fo87.3 max F086.7
?40 n=2389 240 n=243 ?40_n=586 ?40_ n=616
230 530 $30 $30
g g g g
& 20 - 20 i 20 i 20
10 . 10 l I l I I 10 10
0 1 0 0 0
120 T— 60 T— 60 T— 60 T—
Cima-1 E Cima-9a F Cima-6 G Cima-2 H
100 1 6.5 wt% MgO 50 1 6.4 wt% MgO 50 1 6.4 wt% MgO 50 1 6.3 wt% MgO
| max Fo86.5 | max Fose.7 max Fo87.2 | max Fos6.5
§ 80 1 =745 §40 n=458 ?40 n =597 ?40 n=304
) 3 30 g 30 330 4
o o o o
[0} [0} (9] [0}
fr - 20 i 20 T 20
10 10 10
0 0 0
- 60 - 60 - 60 -
Cima-4b | Cima-4a J Cima-5 K Cima-7 L
50 1 6.1 wt% MgO 50 1 5.9 wt% MgO 50 1 5.9 wt% MgO 50 1 5.4 wt% MgO
max Fo086.0 max Fo85.7 max Fo86.3 max Fo082.6
340 1 n =504 340 1 n=300 340 1n=-430 340 1 n=108
g 30 $30 1 $ 30 -
o o o
[0 (9} (0]
i 20 L 20 4 IT 20 A
10 10 1 10 1
0 01 01
70 72 74 76 78 80 82 84 86 88 90 70 72 74 76 78 80 82 84 86 88 90 70 72 74 76 78 80 82 84 86 88 90 70 72 74 76 78 80 82 84 86 88 90
Fo mol% Fo mol% Fo mol% Fo mol%

Figure 7. Histograms of Fo mol % (=Xy,o/(Xyg0 + Xpeo) X 100) for the Cima and Dish Hill samples (California, USA). The most Mg-rich
olivine compositions (Table 2), whole-rock MgO wt% (Table 1), and number of analyses (n) are given for each sample.

tory-zoned, (2) vermicular (i.e., spongy), or (3)
non-vermicular (i.e., non-spongy). BSE images
of representative crystals from each textural
category are shown in Figure S4 with some
displaying multiple textures within the same
crystal. In most samples, the dominant clino-
pyroxene texture is vermicular, which is consis-
tent with diffusion-limited, rapid growth (e.g.,
Roeder et al., 2001). Non-vermicular textures
are next in abundance, and in most crystals
sector- or oscillatory-zonations are relatively
sparse to absent (e.g., Cima-5). Cima-1 is the
only sample where sector- or oscillatory-zona-
tions dominate the clinopyroxene phenocryst
population. Histograms of Mg# for the clino-
pyroxene analyses in each sample are given in
Figure S5. Plots of wt% Na,0, TiO,, and Cr,0O;
versus Mg# in each sample are shown in Figure
S6. Clinopyroxene-melt barometry is applied
later in the paper.

Plagioclase Results

Details concerning the plagioclase results
are presented in the supplemental file, and only
key points are highlighted below. Most plagio-
clase phenocryst analyses in Cima-8, -1, and
-2 hawaiite samples range from Ang s,. Only
sparse rim analyses below Ans, were obtained.

Histograms of these analyses are shown in
Figure S7.

Fe-Ti Oxide Results

Individual analyses of titanomagnetite
from eight samples and ilmenite from six
samples are reported in Table S5A (see foot-
note 1). Six samples (Cima-3, -4a, -4b, -5,
-8, -9) were analyzed for both oxides. The
Bacon and Hirschmann (1988) Mg/Mn test
for equilibrium was used to evaluate all pos-
sible pairs of ilmenite and titanomagnetite in
each sample that could have co-crystallized.
For those oxide pairs that passed the test,
the Fe-Ti two-oxide thermometer and oxy-
barometer of Ghiorso and Evans (2008) was
applied. The results for all six samples are
shown in a plot of InfO, versus temperature,
with the quartz-fayalite-magnetite (QFM)
buffer shown for reference (Fig. 14, Table
S5B; see footnote 1). Calculated tempera-
tures and AQFM values (log,,fO, relative
to the quartz-fayalite-magnetite buffer) at
the onset of oxide co-crystallization in each
sample are presented in Table S5C (see foot-
note 1). Onset temperatures range from 1098
to 955 °C and AQFM values range from
—0.3to —1.3.
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CONSTRAINTS ON CONDITIONS
DURING PHENOCRYST GROWTH

Diffusion-Limited Rapid Growth Textures
in Olivine and Clinopyroxene

The occurrence of peridotite xenoliths in
Dish Hill and several Cima flows indicates that
magma ascent through the crust was sufficiently
rapid to overcome xenolith settling velocities
(e.g., Sparks et al., 1977; Spera, 1980, 1984),
which precludes phenocryst growth during
prolonged storage in a crustal reservoir. This
raises the possibility of phenocryst growth dur-
ing ascent, which is consistent with diffusion-
limited growth textures in olivine (e.g., skeletal
and hopper; Figs. 13A-13D) and clinopyroxene
(vermiform; Figs. 13E and 13F) from several
Cima samples. Even in olivine crystals that do
not display skeletal textures in BSE images,
X-ray element maps reveal complex P zoning
patterns that are consistent with diffusion-lim-
ited (i.e., rapid) crystallization (e.g., Lofgren,
1974; Milman-Barris et al., 2008; Welsch et al.,
2014; Shea et al., 2019). In the case of clinopy-
roxene, the vermicular texture likely reflects an
initial dendritic architecture that is then partially
overgrown (e.g., Welsch et al., 2016). A similar
texture is found in vermiform chromite crystals
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TABLE 2. COMPOSITION OF THE MOST Mg-RICH OLIVINE AND THERMOMETRY RESULTS AT THE ONSET OF PHENOCRYST GROWTH

Oxide (Wt%) *CC-1 DH-1 Cima-3 *Cima-8 Cima-1 *Cima-9 Cima-6 Cima-2 *Cima-4b  *Cima-4a  *Cima-5 Cima-7
SiO, 41.27 40.70 40.88 4111 40.80 41.05 40.46 41.09 40.76 40.66 40.83 40.34
AlL,O4 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.04 0.09 0.04 0.05 0.04
FeO 11.67 12.85 12.04 12.66 12.49 12.55 12.21 12.85 13.16 13.43 13.09 16.33
tMnO 0.17 0.19 0.17 0.16 0.17 0.17 0.17 0.18 0.17 0.17 0.18 0.21
MgO 46.89 46.52 46.52 46.45 45.00 46.06 46.77 46.13 45.26 45.28 46.13 43.35
Cr,04 0.06 0.04 0.06 0.04 0.06 0.04 0.03 0.05 0.05 0.04 0.04 0.02
tNIO 0.31 0.23 0.25 0.28 0.31 0.23 0.29 0.36 0.28 0.25 0.27 0.21
tCaO 0.23 0.22 0.23 0.24 0.24 0.24 0.24 0.25 0.22 0.22 0.22 0.22
Total 100.7 100.8 100.2 101.0 99.1 100.4 100.2 100.9 100.0 100.1 100.8 100.7
SFo (mol%) 878 86.6 873 86.7 86.5 86.7 872 86.5 86.0 85.7 86.3 82.6
Olivine-melt thermometry (Pu et al., 2017)

#Tg (°C) 1247 + 4

#Tni (°C) 1196 + 15

#AT = Tye—Tni (°C) 52+ 15

DCaolivine/liq id (m0|%) 0.021

*Xenolith bearing samples.

tMnO, NiO, and CaO wit% from linear fits in Figures 7, 8, and 9, respectively.

SFo mol% = Xygo/ (Xugo+Xre0) X 100.

*’TMQ, Ty and AT calculated according to the model of Pu et al. (2017); errors propagated from analytical uncertainty. T—temperature.

formed during rapid crystal growth experiments  2016). Diffusion-limited growth textures in both  can readily develop in mafic melts during ascent
on basalts (Roeder et al., 2001). Sector zoning olivine and clinopyroxene are consistent with  through the crust along fractures, if there is an
in clinopyroxene (Fig. S4) is also indicative of  crystallization under an effective undercool- initial kinetic delay to nucleation after melt seg-
rapid, diffusion-limited growth (e.g., Kouchi ing (AT = TjuqusTmer) (€-g., Lofgren, 1974;  regation followed by rapid cooling + degassing
et al., 1983; Skulski et al., 1994; Welsch et al.,  Welsch et al., 2014; Shea et al., 2019), which  (e.g., Brehm and Lange, 2020).
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Figure 8. Wt% CaO versus Fo content from olivine crystals that span the top 3 mol% forsterite. A linear fit to the top 3 mol % is used
to calculate CaO wt% for the most forsteritic olivine. The gray field is the 26 analytical error bar derived from electron microprobe
counting statistics. The range of CaO wt% measured in mantle xenolith olivine compositions from Cima (0.10 + 0.03; Wilshire et al.,
1991) and the adjacent basalt deposit at Dish Hill (0.08 + 0.02 wt% ; Luffi et al., 2009) (California, USA) is the source of the dotted line
at 0.10 wt% CaO, below which olivine analyses are interpreted as derived from mantle xenoliths. Gray dots represent individual spot
analyses in olivine phenocrysts that fall within the range of CaO wt% for mantle xenolith olivine specifically from Cima/Dish Hill mantle
xenoliths. They are therefore considered potential disaggregates from mantle xenoliths and are not included in the linear fit to the top
3 mol% Fo.
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Figure 9. Wt% NiO versus Fo content from olivine within the top 3 mol% Fo in each of the Cima and Dish Hill basalts (California, USA).
A linear fit to the top 3 mol% is shown in and is used to calculate NiO wt% for the most Mg-rich olivine composition. The gray field is the
26 analytical error bar derived from electron microprobe counting statistics.
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Figure 10. Wt% MnO versus Fo content from olivine crystals within the top 3 mol% Fo in each of the Cima and Dish Hill basalts (Califor-
nia, USA). A linear fit to the top 3 mol % is shown in and is used to calculate MnO wt % for the most Mg-rich olivine compositions. The gray
field is the 26 analytical error bar derived from electron microprobe counting statistics.
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Figure 11. Representative back-scattered electron images of the most Mg-rich olivine com-
position from eight samples from the Cima volcanic field, California, USA. Representative
individual spot analyses (mol% Fo) for each crystal are shown in yellow. All crystals show
thin Fe-rich rims, consistent with a short time interval between magma mixing and eruption.

Application of the Fe2+MzK  (olivine-melt)
Equilibrium Test at the Liquidus

If the hypothesis of phenocryst growth during
ascent is viable, it is possible that the first olivine
to grow during ascent (i.e., composition at the

liquidus) is preserved in erupted samples, due to
insufficient time for re-equilibration during con-
tinued crystallization. The best test of olivine-
melt equilibrium at the liquidus is to use the Fe2+-
MeK (olivine-melt) exchange coefficient, which
has been well calibrated in the literature for a
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range of melt compositions (e.g., Gee and Sack,
1988; Toplis, 2005; Putirka, 2016). Because the
exchange reaction involves Fe?*, the Fe3+/FeT
ratio in the melt must be known. In this study, a
redox state of ~AQFM = 0 is used for all sam-
ples based on the Fe-Ti oxide results. This leads
to a calculated Fe**/FeT ratio of ~0.16 using the
model of Kress and Carmichael (1991), which
was used to be consistent with the software
MELTS (Ghiorso and Sack, 1995; Asimow and
Ghiorso, 1998). Plank and Forsyth (2016) report
similar Fe3*/FeT ratios of 0.17 for Cima olivine-
hosted melt inclusions, based on fO, constraints
derived from V-partitioning data and application
of the Kress and Carmichael (1991) model.

To perform this equilibrium test, the most
Mg-rich olivine phenocryst analyzed in each
sample is plotted as a function of the whole-
rock Mg# (using Fe3*/Fe™ = 0.16) in Figure 15.
Superimposed on this plot are isopleths of Fe2+-
MeK (olivine-liquid) values:

oliv
Xreo
)

liquid
[ Xugo ] (1)
XF€2+O

The results for individual samples (Fig. 15) are
compared to predicted values from MELTS
(Ghiorso and Sack, 1995; Asimow and Ghiorso,
1998) and those calculated using the models
of Gee and Sack (1988), Toplis (2005), and
Putirka (2016) in Table 3A. The results show
that all samples but one (Dish Hill CC-1) fail
the test, with inferred Fe2+-M2K  (olivine-melt)
values of ~0.18-0.22, which are far too low for
equilibrium. In other words, the most Mg-rich
olivine phenocryst analyzed in each sample is
too Mg-rich to be in equilibrium with the whole-
rock liquid composition. Only the high-MgO
(9.8 wt%) basanite from Dish Hill (CC-1) has
a Fe2+-MeK (olivine-melt) value (~0.28) that
approaches equilibrium conditions (Table 3A).
A similar suite of intraplate hawaiite lavas
in western Mexico (the Sangangiiey suite; Nel-
son and Carmichael, 1984) also contain oliv-
ine phenocrysts that are too Mg-rich to be in
equilibrium with their host lavas (Diaz-Bravo
et al., 2014; Mesa and Lange, 2021). The dis-
equilibrium olivine crystals (too Mg-rich) in
these two suites of intraplate hawaiites (Cima
and Sangangiiey) are in stark contrast to what
has been documented for basalts derived from
subduction-modified lithosphere in eastern Cali-
fornia (i.e., the Big Pine and Long Valley volca-
nic fields; Brehm and Lange, 2020; Jolles and
Lange, 2021), as well as basalts from the active
Mexican arc (i.e., the Tancitaro volcanic field; Pu

Feb_MgKD (olivine - liquid) = (



Origin of Cima Hawaiites

San Carlos

Figure 12. X-ray intensity maps of Fe (top) and P (bottom) for the most Mg-rich olivine analyzed in three samples from the Cima volcanic
field, California, USA. P zoning patterns in olivine are consistent with an initial period of diffusion-limited rapid growth (e.g., Milman-
Barris et al., 2008; Welsch et al., 2012; 2014; Shea et al., 2019). Shown for comparison are X-ray intensity maps of P and Fe from a San
Carlos, Arizona, USA peridotite xenolith from Brehm and Lange (2020), which shows no P zoning.

etal.,2017). In these three studies, the most Mg-
rich olivine in each of 36 of 37 samples passes
the olivine-liquidus equilibrium test when paired
with their respective whole-rock sample compo-
sition, as illustrated in Figure 15. For these three
volcanic fields, a melt Fe3+/FeT ratio of 0.24
was employed (directly measured by p-XANES
analyses of olivine-hosted melt inclusions in Big
Pine basalts; Kelley and Cottrell, 2012).

The results for the Big Pine, Long Valley, and
Mexican arc samples (Tancitaro volcanic field,
TVF) in Figure 15 overlap Fe2+MeK (olivine-
melt) isopleths predicted by models from the
literature (summarized in Brehm and Lange,
2020). This supports the hypothesis that the
basalts from all three volcanic fields grew their
olivine phenocrysts rapidly during ascent and
that the most Mg-rich olivine analyzed in each
sample closely represents the liquidus olivine for
a melt with the whole-rock sample composition.
This enabled application of the Pu et al. (2017)
olivine-melt thermometer and hygrometer to
this pairing (most Mg-rich olivine and melt with
whole-rock composition) to all 36 samples from
the Big Pine, Long Valley, and TVF (Mexican
arc) volcanic fields to obtain temperature and
water content at the liquidus (Pu et al., 2017;
Brehm and Lange, 2020; Jolles and Lange,
2021). In this study, a similar approach was
taken, but only for the single sample (Dish Hill

CC-1) that passed the olivine-melt equilibrium
liquidus test.

Olivine-Melt Thermometry

Most olivine-melt thermometers in the litera-
ture are based on the partitioning of Mg between
olivine and the melt (Dy,*™9), and yet Dy, ¥/t
is strongly sensitive to dissolved H,O in the melt
(e.g., Almeev et al., 2007; Médard and Grove,
2008). This requires that H,O contents be known
before Mg-based olivine-melt thermometers that
include corrections (e.g., Putirka et al., 2007)
can be applied. In contrast, olivine-melt ther-
mometers based on Dy°™4 are independent of
melt water contents and require no corrections
at crustal pressures (<1 GPa; Pu et al., 2017,
2021). Because the Ni-thermometer is indepen-
dent of dissolved water, it provides the actual
temperature at the onset of olivine crystallization
(Pu et al., 2021). Moreover, because the olivine
liquidus is suppressed to lower temperatures
under hydrous conditions (e.g., Almeev et al.,
2007; Médard and Grove, 2008), calculated
Ty; values are expected to be consistently lower
than Ty, values in hydrous basalts (Pu et al.,
2017; 2021). Importantly, the magnitude of the
temperature difference (i.e., AT = Ty, ~Tyy),
namely the extent to which the olivine liquidus
temperature is depressed, scales with the amount
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of water in the melt (e.g., Pu et al., 2017, 2021;
Brehm and Lange, 2020).

For the Dish Hill basanite from this study,
which passed the olivine-melt equilibrium liqui-
dus test (CC-1), the Mg- and Ni-thermometers of
Pu et al. (2017) were used to calculate tempera-
ture at the onset of phenocryst growth. Values
of Dy, 14 and D4 were constructed from
the most Mg-rich olivine analyzed in this sample
(Table 2) paired with a liquid of its whole-rock
composition (Table 1). Calculated Ty, and Ty;
are 1247 and 1196 °C, respectively. Analytical
errors in Dy, X4 and Dy°™lid, derived from
uncertainties in the microprobe analyses and
whole-rock compositions, are ~1% and ~7%,
respectively, leading to propagated 1o uncertain-
ties in Ty, and Ty; of +4 and +15 °C, respec-
tively. Thus, AT (= Ty,—Tyy) is 51(£16) °C.

Note that application of olivine-melt ther-
mometry to other olivine phenocrysts in the
hawaitte samples (e.g., peak Fog, g, in sev-
eral samples; Fig. 7) was not undertaken in
this study. This peak Fog, 4, population likely
grew after crystallization of other mineral
phases (e.g., olivine + clinopyroxene =+ pla-
gioclase + Fe-Ti oxides) and requires that
the Ni content in the coexisting liquid at the
time of peak olivine growth (e.g., Fog, 4,) be
calculated after accounting for the effects of
this multi-phase mineral crystallization. This



involves significant guesswork and does not
result in accurate or precise knowledge of
melt Ni contents, which leads to significantly

T T T T
950 1050 1150
Temperature °C

Brehm and Lange

large errors in Dy°14 and thus Ty; values.
Therefore, Ni-based olivine-melt thermometry
is only applied in this study to olivine when

Figure 14. Results for the ap-
plication of Fe-Ti oxide ther-
mometry and oxybarometry
(Ghiorso and Evans, 2008) in
six Cima hawaiites (California,
USA) are summarized in a plot
of InfO, versus temperature
(°C) for all possible pairs of Fe-
Ti oxides that pass the Bacon
and Hirschmann (1988) test
for equilibrium (Table S5; see
text footnote 1). The location
of the quartz-fayalite-magne-
tite (QFM) buffer is shown for
reference.
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Figure 13. Representative
back-scattered electron images
of phenocrysts in Cima basalts
(California, USA) that display
diffusion-limited growth tex-
tures. (A-D) Olivine pheno-
crysts with hopper and skeletal
textures. (E and F) Clinopyrox-
ene phenocrysts with vermi-
form textures. Representative
spot analyses and associated Fo
contents are shown for all oliv-
ine phenocrysts.

it passes equilibrium liquidus tests for whole-
rock compositions.

Additional Test of Olivine-Melt
Equilibrium at the Liquidus

With temperature in hand (i.e., Ty;), an addi-
tional test of olivine-melt equilibrium at the lig-
uidus can be made with the lattice strain model
of Blundy et al. (2020), which predicts the value
of Me-MnK (olivine-melt) on the basis of tem-
perature and olivine composition. The advan-
tage of this test is that it is independent of melt
oxidation state and only weakly dependent on
temperature (a change of 50 °C changes the K,
value by ~0.01). When the Ty; values (Table 2;
Table S7; see footnote 1) are combined with the
most Fo-rich olivine analyzed in each sample
(Table 2), calculated values of MeMnK (olivine-
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92 Figure 15. Plot of the most for-
;\;‘ 90 1 steritic olivine (Fo mol%) ana-
S lyzed in each of the Cima and
E 887 Dish Hill (DH) samples (Cali-
B 86 1 fornia, USA) versus whole-
Es 84 | rock Mg# (calculated using
2 Fe*/Fe' = 0.16 from Fe-Ti
2 82 1 oxides). Individual isopleths
< 80 1 of Fe2+-MzK  (olivine-melt) are
S ForlFeT superimposed. For compari-
L 81 : gi';"a 0.16 son, basalts from the Big Pine
% 76 - SB (BP) volcanic field (Brehm and
€ 74 | o ?CF o Lange, 2020), Long Valley (LV,
72 S 0.24 Jolles and Lange, 2021), the
0.40 0_'50 0.60 ' O.?O ' 0.80 (Tancitaro volcanic field, TVF)
Mg#= X Mexican arc (Pu et al., 2017),
ﬁox— and the Sangangiiey (SB) intra-

MgO FeO

plate basalts of western Mex-
ico (Mesa and Lange, 2021)

are shown. Whole-rock Mg# values for the BP, LV, and TVF basalts are calculated using
Fe3+/Fe® = (.24 (average of p-XANES analyses for BP, Kelley and Cottrell, 2012) and Fe3+/
FeT = 0.16 for the Sangangiiey basalts (Mesa and Lange, 2021).

melt) derived from the Blundy et al. (2020)
model are obtained (Table 3B). These values
can be compared to analyzed values of Me-
MnK (olivine-melt) based on the data given in
Tables 1 and 2. Within a combined uncertainty
of <0.04 (strain model calculation and analyzed
value), there is excellent agreement for the
Dish Hill CC-1 sample, which also passes the
Fe2+-MeK L (olivine-melt) liquidus test (Table 3A;
Fig. 15). This result also shows internal consis-
tency with application of the Ni-thermometer of
Puetal. (2017;2021). All the remaining samples
fail the Me-MnK | (olivine-melt) test, with differ-
ences of >0.04 between analyzed values (this
study; Table 3B) and those calculated from the
model of Blundy et al. (2020).

Olivine-Melt Hygrometry

Previous studies (Pu et al., 2017, 2021; Brehm
and Lange, 2020) have shown that the difference
between Ty, and Ty; (i.e., AT = Ty;,~Ty;), when
applied to samples that pass the olivine-melt
equilibrium liquidus test, reflects the magnitude
of the depression of the olivine liquidus due to
dissolved water in the melt. As a consequence,
the experimentally calibrated model of Médard
and Grove (2008), which relates AT with dis-
solved water in the melt, can be used to calculate
the water concentration in the Dish Hill basanite
for which Ty, and Ty; values were obtained. The
AT value (= Ty,—Tys) of 51 (£16) °C leads to
an estimated melt water content of ~1.4 (£0.5)
wt%. This overlaps the highest H,O content
directly analyzed in olivine-hosted melt inclu-
sions from Cima samples (<1.35 wt%; Plank

and Forsyth, 2016). An additional assessment
of melt H,O contents in CC-1 is made through
the application of the Putirka et al. (2007) Mg-
based olivine-melt thermometer, which includes
a correction for dissolved H,O content. In the
absence of the H,O correction, the application
of the Putirka et al. (2007) model to CC-1 leads
to a calculated Mg-temperature (1257 °C) that
closely matches that obtained by the Pu et al.
(2017) Mg-thermometer (1247 £ 4). When
melt H,O contents of 1.4 (+0.5) wt%, consis-
tent with direct measurements of olivine-hosted
melt inclusions (Plank and Forsyth, 2016), are
used in the Putirka et al. (2007) model, the cal-
culated temperature for CC-1 is 1226 (£11) °C.
This is within error of the calculated temperature
obtained using the Ni-thermometer (1196 + 15).

Another parameter that is sensitive to dis-
solved water in the melt is D14, which
decreases with increasing melt water content,
and has the potential to be used as an olivine-
melt hygrometer (Gavrilenko et al., 2016).
Brehm and Lange (2020) showed that when
the average AT (= Ty,-Ty;) for three different
volcanic suites is plotted against their average
D¢, values (obtained at the liquidus), a
strong inverse linear correlation (R?> = 0.99) is
found (Fig. 16). The lowest D,°"4 values cor-
respond to the Mexican arc basalts from Pu et al.
(2017), which are the most hydrous (<5.7 wt%
H,0 in olivine-hosted melt inclusions; Johnson
etal., 2009). Mid-ocean ridge basalts (~0.1 wt%
H,0) from Allan et al. (1989) have the highest
D¢,V values, whereas the Big Pine basalts
from Brehm and Lange (2020) have intermedi-
ate D¢,°V4 values that fall between those for
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the Mexican arc and mid-ocean ridge basalts
(MORBs) (Fig. 16). These intermediate values
are consistent with published water contents
from analyses of olivine-hosted melt inclusions
(1.5-3.0 wt%; Gazel et al., 2012).

In this study, the value of D¢, (= 0.0211)
obtained for the Dish Hill basanite (CC-1) plots
between the Big Pine basalts and MORBs,
which is consistent with measured H,O con-
tents of <1.4 wt% (Plank and Forsyth, 2016). A
similar application of the Pu et al. (2017) olivine-
melt thermometer and hygrometer to two intra-
plate basalts from western Mexico (Sangangiiey
basalts), which pass the olivine-melt equilibrium
test, give results that are close to those for Dish
Hill (Mesa and Lange, 2021; Fig. 16).

CALCULATED MINIMUM ASCENT
VELOCITY FOR PERIDOTITE-
BEARING DISH HILL BASANITE

With a liquidus temperature (Ty; = 1196 °C)
and water content (1.4 wt%) obtained for the
high-MgO, peridotite-bearing Dish Hill basan-
ite (CC-1), the viscosity and density of the melt
can be calculated, enabling an estimate of its
minimum ascent velocity (i.e., xenolith settling
rate) at the onset of phenocryst growth using
Stoke’s Law:

2

e 2gr° (pxenoli[h ~ Piiguia )
= on

In Equation 2, g is the gravitational acceleration
(9.8 ms?2), ris the radius of the mantle xenolith
(m), p is density (g/cm?) of xenolith and basan-
ite liquid, and 7 is the viscosity of the basanite
liquid (Pa s). As noted by Sparks et al. (1977),
this calculation can only be applied to Newto-
nian fluids, namely basaltic melts prior to crystal
growth. As crystallization proceeds, the magma
will transition to a Bingham fluid (by ~13%
crystallization; Ishibashi and Sato, 2010), and
Stoke’s Law is no longer applicable. Therefore,
Stoke’s Law can be applied to the Dish Hill
basanite after melt segregation from the mantle,
at the onset of crystallization at the liquidus.

To calculate the minimum ascent velocity,
the melt composition of CC-1 (Dish Hill) was
used for calculation of melt density and vis-
cosity, assuming a dissolved water content of
~1.4 wt% and liquidus temperature of 1196 °C.
The models of Lange and Carmichael (1990),
Lange (1996), and Ochs and Lange (1999) were
used to calculate melt density (2.67 g/cm?) at
0.5 GPa (based on maximum volatile saturation
pressure of ~0.45 GPa from melt inclusion data
on Cima samples from Plank and Forsyth, 2016).
The effect of up to ~1 wt% CO, dissolved in the
melt, prior to CO, degassing (Plank and Forsyth,



Cima-7
0.29
0.2
0.3
0.29 £+ 0.03
Fail

Cima-5
0.29
0.27
0.33

0.30 +0.03
Fail

Cima-4a
0.29
0.27
0.33

0.30 +0.03
Fail

Cima-4b
0.30
0.27
0.33

0.30 +0.03
Fail

0.30
Fail

Cima-2
0.30 +0.03

Cima-6
0.29
0.2
0.3
0.30 +0.03
0.2
0.0
Fail

Cima-9
0.30
0.28
0.33

0.30 = 0.02
0.22
0.08
Fail

Cima-1
0.29
0.29 £+ 0.03
Fail

Cima-8
0.30
0.2
0.3
0.30 + 0.03
0.2
0.0
Fail

Cima-3
0.30
0.28
0.33

0.30 £+ 0.02
0.23
0.08
Fail

0.27
0.27
0.32

0.29 +0.03
0.24
0.05
Fail

TABLE 3A. FE2+-MGK,(OLIV-MELT) TEST AT LIQUIDUS COMPARED TO PREDICTED VALUES FROM LITERATURE
DH-1

CC-1
0.27
0.2
0.3;
0.29 +0.03
0.2
0.0
Pass

0)

Calc. Fe2+-MgK (oliv-melt)

*MELTS (AQFM

tToplis (2005)

SPutirka (2016)

Average + 1o

#This study

Model average-this study

Pass/Fail

Brehm and Lange

Notes: oliv—olivine; QFM—quartz-fayalite-magnetite; Calc.—calculation.

2016), only slightly reduces the melt density to
~
é 5 §§ = ~2.66 g/cm3 at 1196 °C and 0.5 GPa. The model
G of Hui and Zhang (2007) was used to calculate
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180 Figure 16. Plot of AT = (T~
150 3'/?2: =934979.2x *219.35| 1) versus D" for the
1 TVE ' single high-MgO Dish Hill
5.) 120 A / sample (Cima volcanic field,
I—E /LV California, USA) (CC-1) that
. 90 BP CC-1 passes the K, liquidus tests
=3 0 for equilibrium. Plotted for
T 60 1 * comparison are the average

SB
30 A / MORB values for basalts from the
< / Mexican arc (Tancitaro volca-
0 | nic field, TVF; Pu et al., 2017),
Long Valley (LV; Jolles and
-30 Lange, 2021), Big Pine (BP;
-60 i i i i i i Brehm and Lange, 2020), San-
0.000 0.010  0.020 0.030  sgangiiey of western Mexico
D_ olivimelt (SB; Mesa and Lange, 2021),

Ca

and mid-ocean ridge basalt
(MORB) (Allan et al., 1989;

Pu et al., 2017). A strong positive linear correlation (R? = 0.99) is observed between
TVE, LV, BP, SB, and MORB. oliv/lig—olivine/liquid.

CaO contents (>0.20 wt%) of these olivine
crystals compared to olivine grains from man-
tle xenoliths (<0.13 wt%; Wilshire and Trask,
1971; Shervais et al., 1973; Wilshire et al., 1991;
Luffi et al., 2009) (Fig. 8). The difference in CaO
content as a tool to distinguish between olivine
phenocrysts and xenocrysts has long been noted
in the literature (e.g., Simkin and Smith, 1970;
Norman and Garcia, 1999; Housh et al., 2010).
Moreover, the presence of diffusion-limited
growth textures (Fig. 11) and complex zoning
patterns of P in these high-Fo olivine crystals
(Fig. 12) further supports their origin as phe-
nocrysts that grew from a liquid. Therefore, the
hypothesis that they are xenocrysts derived from
disaggregated mantle peridotite is not viable for
the Cima hawaiites.

A second model is that the hawaiite host melts
had a higher oxidation state than QFM, leading
to lower Fe?* contents in the melt, which would
enable the high-Fo olivines to pass the Fe2+-
MeK p(olivine-melt) equilibrium test. However,
for this to be the case, a progressive increase in
Fe3*/FeT ratios, from 0.33 to 0.44 with decreas-
ing MgO content in the hawaiites, would be
required. Such high oxidations states corre-
spond to AQFM values of +2.2 to +3.3, which
are inconsistent with the presence of ilmenite
in most of the Cima hawaiites. Moreover, the
results from the Fe-Ti two-oxide oxybarometer
of Ghiorso and Evans (2008) applied to all pos-
sible pairs of ilmenite and titanomagnetite that
pass the Bacon and Hirschmann (1988) equi-
librium test indicate an oxidation state < QFM.
Finally, Fe3*/FeT ratios of 0.33-0.44 are incon-
sistent with reported melt Fe3+/FeT ratios of
~0.17 in olivine-hosted melt inclusions from
Cima hawaiites (based on V-partitioning; Plank

and Forsyth, 2016). In summary, all available
evidence contradicts this hypothesis.

A third possibility is that the high-Fo olivines
in the Cima hawaiites reflect the role of dis-
solved carbonate in the melt, which is known
to lower Fe2+MeK o (olivine-melt) values (e.g.,
Dasgupta et al., 2007). Although carbonate may
have played a role in the mantle origin of intra-
plate basanites, the concentrations of dissolved
CO, that are required to affect Fe2+-MeK ) values
by <0.12 units far exceed CO, solubility limits
at crustal depths. Maximum CO, concentrations
analyzed in Cima olivine-hosted melt inclusions
(<2412 ppm; Plank and Forsyth, 2016) are too
low to affect Fe2+-MeK values by more than
~0.01 unit. Therefore, this possibility is also
not supported by the evidence.

A fourth hypothesis is that Fo contents in
olivine are too high relative to hawaiite host
bulk compositions due to rapid, disequilibrium
growth of olivine. This hypothesis stems from
the observation of textural disequilibrium, which
provides evidence of diffusion-limited rapid
growth of olivine (Figs. 10-13). However, the
experiments conducted by Pu et al. (2021), where
samples were held superliquidus and then rapidly
dropped below the liquidus and held for 824 h,
grew large, sparse olivine crystals with diffusion-
limited growth textures, and all pass olivine-melt
equilibrium tests. Moreover, the fact that all 10
basalts from the Big Pine volcanic field studied
by Brehm and Lange (2020), including those
containing mantle xenoliths and olivine pheno-
crysts with diffusion-limited growth patterns, all
pass the olivine-melt equilibrium test at the lig-
uidus indicates that kinetic disequilibrium cannot
be the explanation for the Mg-rich olivine popu-
lation in the Cima hawaiite samples.
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A fifth and final hypothesis is that the high-
Fo olivines in the Cima hawaiites were inherited
from a more Mg-rich melt (i.e., basanite similar
to Dish Hill CC-1; Table 1) and incorporated into
the hawaiites during magma mixing. In this sce-
nario, the high-Fo olivines are phenocrysts that
grew from a high-MgO (9-10 wt%) melt, simi-
lar to those erupted at Dish Hill, Pisgah Crater,
and Amboy Crater (Figs. 5 and 6), which then
mixed with a low-MgO melt (3—4 wt%, similar
to Group 1b, Farmer et al., 1995). If magma mix-
ing is the cause of the high-Mg olivine popula-
tion in the Cima hawaiites, then their thin Fe-rich
rims, along with the rapid magma transport rates
inferred from entrained xenoliths, requires that
magma mixing between the high- and low-MgO
melts must have occurred within days (or less) of
eruption (e.g., Hartley et al., 2016).

CONSTRAINTS ON TEMPERATURE-
PRESSURE CONDITIONS OF

MAGMA MIXING: APPLICATION OF
CLINOPYROXENE-LIQUID (CPX-LIQ)
THERMOMETRY AND BAROMETRY

Because the Dish Hill samples from this study
are devoid of clinopyroxene phenocrysts and the
low-MgO endmember liquids were crystal free
prior to mixing, it appears that all clinopyroxene
growth in the hawaiites must have occurred after
mixing. Evidence that the low-MgO endmember
was phenocryst free at the time of mixing is the
absence (in the mixed Cima hawaiites) of olivine
phenocrysts that range from Fos, 45 or plagio-
clase phenocrysts of andesine-oligoclase compo-
sition, both of which are expected phenocrysts in
mugearites (e.g., Nelson and Carmichael, 1984;
Mesa and Lange, 2021). Here, the hypothesis
that the most Mg-rich clinopyroxene population
in each hawaiite sample grew immediately after
mixing (i.e., grew from a liquid composition
closely represented by the whole-rock composi-
tion, namely the mixture of a high-MgO liquid
with only sparse olivine phenocrysts and a low-
MgO liquid) is examined by applying the Fe2+-
MeK, (cpx-liq) and diopside-hedenbergite (Di-
Hd) equilibrium tests discussed in Neave and
Putirka (2017) and Scruggs and Putirka (2018).

The clinopyroxene-liquid thermometry and
barometry results are summarized in Table 4,
where the composition of the most Mg-rich
clinopyroxene that passes equilibrium tests
(when paired with the corresponding whole-
rock composition) is reported. Also shown
are the calculated temperatures (+45 °C)
from Putirka (2008; Equation 33) and pres-
sures (£0.14 GPa) from Neave and Putirka
(2017; Equation 1). Among the five Cima
samples for which clinopyroxene analyses
were obtained, four passed the equilibrium



Brehm and Lange

TABLE 4. COMPOSITION OF THE MOST MG-RICH CLINOPYROXENE
PHENOCRYST THAT PASSES EQUILIBRIUM TESTS WITH WR LIQUIDS

Oxide (wt%) Cima-3 Cima-8 Cima-1 Cima-2 Cima-5
Crystal cpx 28 (NS) cpx 16 cpx 2 (S2) cpx 19 (NS) none
(NS)
SiO, 4781 4732 50.68 48.95
TiO, 1.71 1.62 0.71 1.73
AlL,O4 745 7.55 4.76 4.33
Cr,04 0.71 0.84 0.35 0.13
FeO 5.69 6.28 712 7.51
MnO 0.11 0.12 0.16 0.16
MgO 14.58 14.76 14.77 14.87
Ca0 21.00 20.50 20.84 21.49
Na,O 0.66 0.63 0.97 0.42
Total 99.72 99.61 100.38 99.59
Mg# 82.0 80.7 78.7 779
Thermometry (Eq. 33; Putirka, 2008) Barometry (Eq. 1; Neave and Putirka, 2017)

*FeMgK ) (cxp-liq) 0.29 0.29 0.31 0.31
TDiHd error —0.03 —0.02 —0.02 0.00
ST (°C) +45 1113 1112 1145 1147

0.82 0.81 0.51 0.41

P (GPa) +0.14

Notes: WR—whole rock; cpx-lig—clinopyroxene-liquid; Eq.—Equation.

*FeMaK ) (cpx-WR liquid) within 0.27 + 0.04.

tDiopside-hedenbergite (DiHd) error; equilibrium test (<0.03) from Scruggs and Putirka (2018).
SNote that a variation in £45°C, changes calculated pressures within +-0.04 GPa.

tests (Cima-3, -8, -1, and -2), which enables
application of thermometry and barometry
at the onset of clinopyroxene growth imme-
diately after mixing. The temperature results
range from ~1110-1140 °C (Table 4), which
are geologically reasonable since low-MgO
mugearite melts have liquidus temperatures
of ~1000 °C (Mesa and Lange, 2021) and
high-MgO basanite melts have liquidus tem-

peratures of ~1200 °C (this study; Ty; = 1196
°C for CC-1). The corresponding barometry
results range from ~0.8 GPa for two samples
(Cima-3 and -8) and ~0.5-0.4 GPa for two
others (Cima-1 and -2), which places the
location of mixing at lower to middle crustal
depths and requires that the low-MgO end-
member melts (mugearite liquids) must have
formed at these depths as well.

ORIGIN OF CIMA HAWAIITES:
MIXING OF HIGH-MgO BASANITES
WITH LOW-MgO MUGEARITES

The hypothesis of magma mixing to explain
the high-Fo disequilibrium olivine population in
all hawaiites from the Cima volcanic field is con-
sistent with their linear trends in major- and trace-
element concentration variation diagrams versus
wt% MgO (Figs. 5 and 6). A similar process of
magma mixing was demonstrated by Glazner
et al. (1991) for two suites of intraplate lavas
(~8.5-4.5 wt% MgO) erupted from nearby Pis-
gah and Amboy craters. Crystal fractionation was
precluded in both cases based on Sr and Nd isoto-
pic values that vary co-linearly with MgO content
for each volcanic center (Fig. 17). Glazner et al.
(1991) established that the high-MgO endmem-
ber melts were derived from the asthenosphere,
whereas the low-MgO melts must have been
formed by partial melting of mafic lower crust to
explain the shift in Sr and Nd isotopic values. In
that study, the experimental work of Baker and
Eggler (1987) is cited as evidence that partial
melts of gabbroic lower crust, under relatively
dry and reducing conditions, have compositions
that overlap the low-MgO mixing endmember at
Pisgah and Amboy craters.

A similar model of magma mixing has been
established in the literature for the origin of the

Figure 17. (A) Isotopic ratios of
87Sr/36Sr and 43Nd/'*Nd ver-
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ing endmember is a partial melt
of mafic lower crust.



intraplate Sangangiiey hawaiites in western
Mexico, which also contain a disequilibrium
(too Fo-rich) olivine population (Diaz-Bravo
et al.,, 2014; Mesa and Lange, 2021). Simi-
lar to what is seen among the Cima volcanic
suite (Figs. 5 and 6), Nelson and Carmichael
(1984) noted that the Sangangiiey lavas display
remarkably linear trends among most major-
and trace-element variation diagrams with MgO
content. Moreover, Verma and Nelson (1989)
showed that the Sangangiiey suite displayed a
progressive shift in Sr and Nd isotopic values
with MgO content, which requires involvement
of pre-existing mafic crust (Fig. 17). Mesa and
Lange (2021) emphasized, as noted in Glazner
et al. (1991), that partial melting of mafic lower
crust driven by the influx of relatively dry and
reduced basaltic melts (in contrast to hydrous
and oxidized basalts that form at subduction
zones), favors clinopyroxene as a residual phase
(in contrast to hornblende and titanomagnetite),
which leads to partial melts with relatively low-
Si0O, and elevated FeO contents, a key character-
istic of mugearite liquids.

In summary, the evidence available for the
Cima hawaiites, both from this study and Farmer
et al. (1995), strongly supports the same mixing
origin as that deduced for the Pisgah and Amboy
lavas (e.g., Glazner et al., 1991) as well as the
Sangangiiey hawaiites in western Mexico (e.g.,
Nelson and Carmichael, 1984; Verma and Nel-
son, 1989; Mesa and Lange, 2021). The results
in Figure 17 support a common high-MgO
(~10 wt%) endmember melt for the Cima and
Pisgah suites based on the overlap of their respec-
tive Sr and Nd isotopic values extrapolated to
~10 wt% MgO. Although the Cima hawaiites do
not display a systematic variation in Sr isotopic
composition with MgO content (Fig. 17, Group
la; Farmer et al., 1995), a partial melting origin
for the low-MgO endmember (mugearites) is
not precluded. The gabbroic xenoliths analyzed
by Mukasa and Wilshire (1997), which are
entrained in the Cima hawaiites, have isotopic
signatures that render them plausible represen-
tatives of the mafic lower crust that partially
melted to form the low-MgO endmember that
mixed with the high-MgO basaltic melts to form
the Cima hawaiites.

Note that the Group 1b Cima mugearites (ca.
3-5 Ma; Dohrenwend et al., 1984; Turrin et al.,
1985) are too old to be erupted equivalents of
the mugearite melts that mixed with high-MgO
melts to form the Group 1a Cima hawaiites that
erupted between 0 and 1 Ma. They also have Sr-
isotopic values that are too high (Fig. 2).

The main conclusion drawn in this study (i.e.,
the Cima hawaiites formed by magma mixing)
follows that presented in Glazner et al. (1991)
for the origin of lavas erupted at Pisgah Crater

Origin of Cima Hawaiites

Low-MgO
mugearite

High-MgO

Cima hawaiite >
basanite

Figure 18. Schematic diagram
modified from Mesa and Lange

Asthenosphere: Source region of high-MgO basanite

Mafic lower crust:
source region of

(2021) illustrating the proposed
process for rapid magma mix-
ing and phenocryst growth
during ascent along fractures.
In this proposed model, two
compositionally distinct melts

| lowMgOmugearte  jncluding a high-MgO basanite
Moho endmember (occasionally car-

rying mantle xenoliths) and a

low-MgO mugearite liquid that

Lithosphere mix along intersecting frac-
""""""""""""" tures en route to the surface. In

this model, Cima-hawaii type
samples from this study (Cima
volcanic field, California, USA)
are hypothesized to be a mix-

ture of a partial melt of the mafic lower crust and a partial melt of the asthenosphere, which

mix rapidly during ascent along fractures.

and Amboy Crater, with one key exception. The
presence of peridotite xenoliths in several Cima
hawaiites requires a different physical model for
how the mixing of high- and low-MgO melts
occurred. Glazner et al. (1991) proposed aregion
in the middle crust where high-MgO melts pon-
ded due to neutral buoyancy, which induced par-
tial melting of the lower crust to form low-MgO
melts, which then mixed with the high-MgO
melts to form the hawaiites erupted at Pisgah and
Amboy craters. However, mixing of magmas in
a crustal reservoir cannot explain the eruption of
large peridotite xenoliths in several of the Cima
hawaiite samples, because the intersection of a
basaltic dike, with entrained mantle xenoliths,
into a broad, partially molten region would have
dissipated the dike velocity of the xenolith-bear-
ing melt. An alternative model is that magma
mixing occurred during ascent along intersect-
ing fractures.

Evidence for Rapid Magma Mixing During
Ascent Along Fractures

As noted above, all the Cima hawaiite sam-
ples from this study contain an unusually high-
Fo olivine population, which indicates that the
high-MgO basalt endmember must have begun
to crystallize olivine prior to mixing. The fact
that only thin Fe-rich rims are found on the most
Mg-rich olivine xenocrysts in most hawaiite
samples (Fig. 11) is consistent with magma mix-
ing in fractures, en route to eruption. Because
Fe>*-Mg diffusion is relatively rapid at tempera-
tures between 1100 and 1200 °C, such thin Fe-
rich rims indicates time scales of days or less
between mixing and eruption (e.g., Hartley et al.,
2016). The process that is proposed (shown
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schematically in Fig. 18) involves two compo-
sitionally distinct melts (high-MgO basalt and
low-MgO mugearite) initially ascending along
separate fracture systems, which subsequently
intersect en route to the surface, leading to mix-
ing of the two melts (to form hawaiite) as they
continue their ascent along a common fracture
to the surface.

Two additional lines of evidence support the
model that is schematically illustrated in Fig-
ure 18. First, the diffusion-limited growth tex-
tures of most olivine phenocrysts (Figs. 12 and
13), as well as clinopyroxene (Fig. S4), are con-
sistent with an undercooling scenario (Brehm
and Lange, 2020), which could not develop in
a slowly cooling magma chamber. Second, the
occurrence of entrained peridotite xenoliths in
low-MgO (~5-6 wt%) Cima hawaiites pre-
cludes mixing in a stalled magma reservoir.
Therefore, magma mixing between a high-MgO
endmember melt with entrained peridotite and
a low-MgO endmember (i.e., mugearite; par-
tial melt of mafic lower crust under dry, reduc-
ing conditions; Glazner et al., 1991) must have
occurred during ascent. A similar process of
magma mixing within fractures during ascent
(Fig. 18) was proposed for the Sangangiiey
hawaiites in western Mexico (Mesa and Lange,
2021), and it may be a relatively common mech-
anism in regions of extension.

As an aside, it is worth noting that the expected
increase in the bulk viscosity of the mixed
hawaiite melt, relative to high-MgO basanite
melt, is not expected to affect the successful
transport of mantle xenoliths to the surface. An
increase in melt viscosity will slow the settling
rate of the xenolith out of the host melt (Equa-
tion 2) and thus compensate for any slowing of



the ascent velocity of the mixed melt, due to an
increase in melt viscosity, during fracture-prop-
agated transport to the surface.

CONCLUSIONS

Several key conclusions can be drawn regard-
ing the origin of the Cima hawaiites and Dish
Hill basanites, which are listed below.

(1) Several lines of evidence indicate that all
olivine phenocrysts in the Cima hawaiites and
Dish Hill basanites grew rapidly during ascent
to the surface along fractures and not over a
prolonged period in a stalled crustal reservoir.
The strongest support for this conclusion is the
presence of dense mantle peridotite xenoliths
erupted at the surface in both the low-MgO
Cima hawaiites and Dish Hill basanites, which
precludes stalling of the magma for any signifi-
cant period of time during ascent. Additionally,
diffusion-limited growth textures are observed
in olivine BSE images (e.g., hopper, skeletal),
and X-ray intensity maps of P (e.g., dendritic/
oscillatory), as well as BSE images of clinopy-
roxene (e.g., vermiform, sector-zoning). Diffu-
sion-limited growth textures are consistent with
rapid phenocryst growth during ascent, under an
effective undercooling (AT = Tjiquidus —Lmel)
(e.g., Brehm and Lange, 2020), which cannot
develop in a magma chamber.

(2) When the Fe2+-MeK (olivine-melt) and Me-
MnK (olivine-melt) liquidus tests are applied by
pairing the most Mg-rich olivine composition
in each sample and the whole-rock composi-
tion (assuming a melt Fe**/FeT = 0.16 based
on Fe-Ti oxide oxybarometry), the single high-
MgO basanite from Dish Hill (CC-1) is the only
sample that passes both tests. Notably, all Cima
hawaiites in this study fail both liquidus tests, as
they contain a population of olivine that is too
forsteritic to be in equilibrium with the whole-
rock composition. While multiple hypotheses
were tested to evaluate the origin of this high-Fo
olivine population, the only viable hypothesis is
that they are olivine xenocrysts inherited from a
more Mg-rich melt via mixing.

(3) Olivine-melt thermometry and hygrom-
etry were applied to the single high-MgO Dish
Hill basanite that passes the Fe2+MeK  (olivine-
melt) liquidus test. The temperature (Ty;) and
melt H,O content calculated at the onset of phe-
nocryst growth (i.e., the liquidus) are 1196 °C
and 1.4 wt%, respectively. This water content
matches that analyzed directly in olivine hosted
melt inclusions (Plank and Forsyth, 2016).

(4) With temperature and melt water content
known, the calculated minimum ascent veloc-
ity for the Dish Hill basanite is >0.3—4.9 km/h,
which is required to successfully erupt 5-20 cm
diameter mantle xenoliths without them set-

Brehm and Lange

tling out. This result constrains the basanite
transit time through the 36 km thick crust to be
<7-119 h (<1-5 days).

(5) There is abundant evidence that supports
magma mixing as a plausible explanation for
the formation of the low Mg# Cima hawaiites
(which entrain mantle xenoliths) presented in
this study. A similar hypothesis was presented
in the literature to explain the formation of other
hawaiites erupted in the Mojave Desert includ-
ing those at Amboy and Pisgah craters (Glazner
etal., 1991). Main lines of evidence that support
the hypothesis of magma mixing for the Cima
hawaiites are (1) linear trends in major- and
trace-element variation plots with MgO (Figs. 5
and 6) and (2) the presence of an olivine popula-
tion in all Cima hawaiites that is too forsteritic
to be in chemical equilibrium with the whole-
rock composition. A viable hypothesis is that
the Cima hawaiites result from magma mixing
of a high-MgO basanite melt and a low-MgO
mugearite melt. This hypothesis explains the
presence of high-Fo disequilibrium olivine (i.e.,
xenocrysts) in all of the Cima hawaiites.

(6) Abundant evidence points to the onset
of clinopyroxene growth in the hawaiite melts
immediately after mixing. Therefore, clino-
pyroxene-melt barometry applied to the Cima
hawaiites constrains the depth at which mixing
of the two endmember melts occurred. Results
point to depths in the lower and middle crust
(0.8-0.4 GPa), which also constrains the origin
of the low-MgO endmember melt (mugearite) to
these depths as well.

(7) Isotopic evidence supports a com-
mon mechanism of partial melting of mafic
lower crust under dry, reducing conditions for
the origin of the low-MgO endmember melt
(mugearite) among several alkaline volcanic
fields, including the Cima, Pisgah, and Amboy
suites in the Mojave Desert and the Sangangiiey
suite in western Mexico (see Figs. 2 and 17).

(8) Notably, magma mixing to form the Cima
hawaiites must have occurred on the order of
days or less prior to eruption based on (1) the
presence of mantle peridotite xenoliths in many
of the low Mg # hawaiites, (2) the absence of
significant Fe-rich rims on the most Mg-rich
olivine composition (i.e., mixed phenocrysts) in
each sample, and (3) diffusion-limited growth
textures in olivine and clinopyroxene pheno-
crysts, which are indicative of rapid growth dur-
ing ascent along a fracture.
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