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Cinder Cone is the youngest scoria cone volcano in the continental United States. Erupted in 1666 C.E.
within what is now Lassen Volcanic National Park, Cinder Cone is an un-vegetated scoria cone with well-
preserved lava flows and tephra deposits that display complex geochemical variability. In this study, we
utilize the volatile (H,0, CO,, Cl), major, and trace element chemistry of olivine-hosted melt inclusions
from the tephra deposit of Cinder Cone to better understand the sub-surface evolution of magmas that
erupt to produce scoria cones. High-Fo olivine phenocrysts from all erupted units contain melt inclusions
that are more primitive in composition than the erupted material. The evolved compositions of the lava
and bulk tephra and the abundance of quartz xenocrysts within the deposits suggest the basaltic parental
magmas were rapidly contaminated by granitic material in the middle to upper crust, after melt inclu-
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Geochemistry sion entrapment. Distinct compositional variability between early and late erupted units suggests two

Tephra different mantle-derived basaltic magmas were tapped and erupted sequentially as two distinct eruptive

Lassen phases. The CO, concentrations in the melt inclusions, after correction for the presence of vapor bubbles,

i\//lalgma suggest minimum entrapment depths of ~9.5-20 km and show no resolvable differences between early
olcano

and late erupted units at the time of olivine crystallization. Diffusion modeling of Ni and Fo gradients
in olivine rims indicates that olivine residence times in an evolving magma were on the order of weeks
to years, similar to those calculated for longer-lived scoria cone eruptions, such as Jorullo, in Mexico.
Additionally, geochemical evidence suggests that the evolution of parental magmas was likely driven by
the partial melting, disaggregation, and assimilation of granitic material in the upper crust. Our combined
results provide new insight into the complexities of short-lived monogenetic eruptions.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Scoria cone volcanoes are the most abundant subaerial volcanic
landforms on Earth (Wood, 1980). In the Cascade Arc, they are typ-
ically mafic, and have been previously exploited to study mantle
processes such as arc magma genesis (e.g., Borg et al., 1997, 2002;
Leeman et al., 2004; Ruscitto et al., 2010; Walowski et al., 2015,
2016). The eruptions of scoria cones typically last weeks, months
or years; as a result of these short timescales eruptions commonly
involve a limited range of magma compositions. Some longer-lived
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scoria cones, however, produce evolved compositions that sug-
gest the development of complex subvolcanic plumbing systems.
At Paricutin, Mexico, for example, magmas evolved from basalt to
andesite over the course of an eruption that lasted ~9 years (Wilcox,
1954; McBirney etal., 1987; Luhr and Carmichael, 1985; Luhr, 2001;
Erlund et al., 2010). This compositional evolution was accompanied
by a decrease in both explosivity and magmatic volatile contents,
providing insight into shallow storage reservoirs beneath cones in
central Mexico (Pioli et al., 2008; Johnson et al., 2008; Rowe et al.,
2011).

At Cinder Cone, in Lassen Volcanic National Park, CA, the compo-
sitions of the erupted magmas also changed over the course of the
eruption, although these changes are not systematic as observed at
Paricutin (Clynne et al., 2000). The eruptive history of Cinder Cone
can be summarized by three key observations: (1) The eruption
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was likely short (<5years; Sheppard et al., 2009), (2) the erup-
tion involved two main phases of explosive activity which differ
in style and intensity, both accompanied by lava flows (Heiken,
1978; Marks, 2012), and (3) the erupted materials are ubiquitously
contaminated by crustal rocks of granitic composition (Clynne and
Muffler, 2010). What are the timescales associated with the storage
and ascent of these magmas? With a complicated inter-fingering
of tephra and lava flows, can we connect pre-eruptive changes in
magma chemistry to changes in eruption dynamics? How does the
potential crustal contamination occur?

To investigate these questions, we analyzed the compositions of
olivine-hosted melt inclusions (MI) sampled from the entire erup-
tive sequence at Cinder Cone and their primitive olivine hosts.
Melt inclusions are small volumes of melt trapped inside phe-
nocrysts at depth, and as such, they can provide unique insights that
extend interpretations based on traditional methods of bulk rock
and mineral chemistry. Melt inclusions trapped in early crystalliz-
ing phases, such as olivine, can provide snapshots of melt chemistry
before additional magmatic evolution by fractional crystalliza-
tion, mixing, and/or contamination. In this way, MI may constrain
parental melt compositions and magma generation, storage, and
evolution. Melt inclusions also provide estimates of pre-eruptive
concentrations of volatiles such as H,0, CO,, S, Cl (e.g., Métrich
and Wallace, 2008) that are key to understanding mantle melt-
ing (Gaetani and Grove, 1998; Grove et al.,, 2006; Hirschmann
et al.,, 2009) and magma ascent and eruption (e.g., Roggensack
etal, 1997; Métrich and Wallace, 2008). Magmatic volatile contents
are difficult to measure directly because they decrease in solu-
bility as pressure decreases and therefore degas from the magma
before or during ascent, driving eruptions, and leaving the erupted
material with only a fraction of the volatile contents with which
it began (Holloway and Blank, 1994). Melt inclusions are one of
the best tools currently available to directly measure pre-eruptive
volatile concentrations, because they are trapped at depth, often
before significant degassing occurs. Because the solubility of H,O
and CO, in magmas is sensitive to pressure and experimentally
well-constrained (Newman and Lowenstern, 2002; Papale et al.,
2006; lacono-Marziano et al., 2012; Ghiorso and Gualda, 2015),
their concentrations within MI can provide estimates of entrap-
ment pressures, and therefore, magma storage depths (e.g.,Johnson
et al., 2008; Pioli et al., 2008). Although recent work has shown
that MI are not perfect storage containers and can lose H* (pro-
tons) by diffusion through the host and CO, due to formation of
a vapor bubble in the inclusion post entrapment, there are meth-
ods for distinguishing and correcting for these effects (e.g., Bucholz
et al,, 2013; Lloyd et al., 2013; Moore et al., 2014; Wallace et al.,
2015; Aster et al., 2016).

The primitive olivine hosts also keep a record of deep and early
magma evolution. Trace element compositions in high-Fo olivine
can be indicative of crystal fractionation prior to significant crustal
involvement and may also track source variations in the man-
tle (e.g., Sobolev et al., 2005; Le Roux et al., 2011; Straub et al,,
2011; Ruprecht and Plank, 2013). In addition, studies on the dif-
fusivity of major and trace elements in olivine have shown the
phase’s utility to record the timescales of magmatic processes oper-
ating over months to decades (e.g. Petry et al., 2004; Dohmen and
Chakraborty, 2007; Costa and Morgan, 2011). Thus, the informa-
tion provided by the olivine hosts complements constraints from
the Ml record to develop an integrated spatial-temporal view of the
magma plumbing system.

In this study, we analyze major, trace, and volatile element con-
centrations in olivine-hosted MI and their crystal hosts from the
tephra deposit at Cinder Cone and provide a comparison to lava
and bulk tephra compositions and olivine major and trace element
chemistry. We interpret the data in the context of stratigraphic
relationships between lava and tephra and textural analyses of

tephra clasts (Marks, 2012). We use these results to shed light on
the processes that led to compositional evolution of the magmas
and accompanying changes in eruptive dynamics. We show that
the volatile contents of MI can provide insight into the minimum
depths at which these magmatic processes occur. We also demon-
strate the usefulness of MI for determining the composition of the
mantle source, even when the erupted magma is contaminated by
crustal material. Lastly, we compare olivine residence and eruption
timescales. Together these results allow us to construct a spatial-
temporal schematic model for the plumbing system that fed the
eruption of Cinder Cone. The combined results provide new insights
on the complexities and mechanisms that drive scoria cone erup-
tions, and will help to better inform future hazard models of scoria
cone-dominated volcanic fields globally.

2. Geologic setting

Cinder Cone is a basaltic andesite scoria cone located in the
northeast corner of Lassen Volcanic National Park, northern Cali-
fornia (Fig. 1). The tallest point in the park is Lassen Peak, a dacite
dome complex that last erupted from 1914 to 1917 (Clynne and
Muffler, 2010). Tectonically, volcanism within the Lassen Segment
of the Cascades is caused by oblique subduction of the Gorda micro-
plate beneath the North American plate, and is characterized by
abundant calc-alkaline magmas (e.g., Clynne and Muffler, 2010).
Tholeiitic magmas are also common in this region, however, and are
often associated with extensional faulting, the result of westward
expansion of the Basin and Range province impinging on the south-
ern Cascade arc. The Quaternary volcanics in the Lassen region sit on
top of older mafic to intermediate volcanoes and volcanic products
2-4km thick (Berge and Stauber, 1987). This volcanic basement is
underlain by plutonic Sierran and metamorphic Klamath terrain
basement rocks, as suggested by mapped outcropping units (e.g.
Saleeby et al., 1989; Cecil et al., 2012) and constant modeled seis-
mic velocities across the Sierra Nevada-Cascade Range boundary
(Berge and Stauber, 1987).

The eruption date of 1666 CE was established by dendrochem-
istry and ring-width analyses of living trees (Sheppard et al., 2009)
which supported initial ages constrained by radiocarbon dates of
trees killed by the lava flows (1650 & 20 years; Clynne et al., 2000).
At approximately 350 years old, it is the youngest scoria cone in
the Cascade Arc; it has remained un-vegetated and thus provides
excellent exposure of the lava flows and tephra deposit (Clynne
and Muffler, 2010). The eruptive material comprises a ~200-m-
tall scoria cone, a tephra deposit <3 m in thickness that covers an
area of ~200km?, and five lava flows separated into three phases
- OId Bench, Painted Dunes, and Fantastic Lava (OB, PD, and FL,
respectively; Clynne and Muffler, 2010; Fig. 1).

3. Sample descriptions and tephra stratigraphy

The tephra deposit was first described in detail by Heiken (1978)
who identified three eruptive phases that produced tephra Units 1,
2, and 3, which, based on geochemical data (Clynne, 2011), are now
thought to correspond with the three phases of lava flow emplace-
ment, OB, PD, and FL, respectively. This previous work supports
3 cycles of compositional evolution at Cinder Cone, one associated
with each of the lava flow and tephra unit. Unit 1 is the least
widespread, rare and difficult to identify, and associated with the
least voluminous lava flow: OB. It is difficult to determine whether
the unit was volumetrically insignificant, experienced erosion (the
original interpretation of Heiken, 1978), or both. Unit 3 is the most
voluminous and widespread of the three tephra units.

Tephra samples used in this study were collected froma ~1.2-m-
deep pit to the north of Cinder Cone thatincludes the volumetrically
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Fig. 1. Geologic (adapted from Clynne and Muffler, 2010) and isopach map (Heiken, 1978) of Cinder Cone showing the location of the cone, lava flows, and the whole-deposit
tephra deposits. The location of the main tephra pit from which tephra was sampled for this study (LCC-1) is indicated by the yellow star. The legend shows geologic units in
order of emplacement (i.e., Old Bench lavas being the oldest, and thus, at the base of the section). The three main lava flows are colored Purple = Old Bench (OB; tephra Unit
1), orange = Painted Dunes (PD; tephra Unit 2), and green = Fantastic Lava (FL; tephra Unit 3). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

dominant tephra Units 2 and 3 (Fig. 2; yellow star in Fig. 1). Ten
tephra samples were collected from distinctive layers throughout
the section. Field descriptions of each sample and a correspond-
ing field photo are labeled in Fig. 2. The lowermost sample from
the column is LCC-1-9, and is interpreted to be ~10 cm from the
base of Unit 2, the first main explosive phase of the eruption. In
the field, early erupted units LCC-1-9, LCC-1-8, LCC-1-7, LCC-1-6
(associated with Heiken’s Unit 2), are easily distinguished from
the later erupted units (LCC-1-5, LCC-1-4, LCC-1-3, LCC-1-2, and
LCC-1-1; associated with Heiken’s Unit 3) because they are domi-
nated by relatively large, highly vesicular golden tephra clasts. Early
erupted units (LCC-1-9 through LCC-1-6) also have arestricted area
(~40km? for the 5-cm isopach) and both the deposit and tephra
characteristics suggest the eruption was primarily Strombolian in
eruptive style (Marks, 2012). These four lower tephra layers are
overlain by a dark fine ash layer (LCC-1-5), interpreted as a tran-
sitional unit. The upper tephra units (LCC-1-4 through LCC-1-1)

are markedly finer grained, and the lowermost unit (LCC-1-4), in
particular, is composed of dense microcrystalline clasts. Together
with the larger areal extent (~100 km? for the 5-cm isopach) and
volume, these characteristics were interpreted by Marks (2012) to
indicate a more explosive eruptive style for the later erupted units.
The uppermost layer, LCC-1-1, is overlain by a soil with scattered
1915 Lassen Peak pumice lapilli (Fig. 2).

There are several curious aspects of the Cinder Cone deposits and
by extension, both the underlying magmatic system and the erup-
tive sequence. First, there are ubiquitous quartz xenocrysts in all of
the basaltic andesite-andesite lava flows and tephra layers (Clynne
etal.,2000).Second, the bulk composition of lava changed over time
in composition from 53.5 to 59 wt% SiO, through the OB and PD
flows and subsequently from 55 to 58 wt% SiO, through the FL flows
(Clynne, 2011). The tephra mimic these changes: early erupted
tephra vary compositionally through stratigraphy in a manner sim-
ilar to the PD flows, and late erupted tephra varies compositionally
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Y Approx. | Sample Sample
TEPHRAPIT LCC-1 Thickness | Name Description
e e
B - - |Topsoil
- - Lassen 1915 white pumice layer
10cm | LCC-1-1 |Coarse ash; vaguely laminated; abundant lava chips
__25cm | _ - _ |Fine ashlayer with abundantroots _ _ _ _ _ __ _ _ _]
_25cm | - _|Coarseashlayer _ _ _ ___ ____________|]
_1cem _ [LCCA2]Tanfine ashlayer _ _ _ _ _ _ _ ___ ________|]
15¢m | LCC-1-3 | Two coarse ash layers separated by a thin fine ash layer
15¢cm | LCC-1-4 | Two coarse ash layers separated by a thin fine ash layer
__25cm | _ -~ _ |Fineashlayer _ __________________|]
175¢cm| - Alternating cm-size layers of coarse and fine ash
MY N N
2.5cm |LCC-1-5 | Fine ash layer that separates FL from PD compositions
i, Aem _ |LCC-1-6 | Tan Lapillilayer  _ __ _ ______________ ]
scem _ | - _ |Dark coarse ash layer intermingled with tan tephra _ _ |
375cm |LCC-1-7 Tan Lapillilayer . _ _ _ _ ___ ___________ |
__375¢cm|_ - _ |Darkashwithdenseclasts_ _ _ _ __________|
20cm | LCC-1-8 |Coarse tan lapilli layer, inversely graded
~_5em_ | _ |Darkcoarseashlayer  __ ___ ___ "~ "~ """
12.5 cm | LCC-1-9 |Coarse ash layer with mixed tan and black clasts

Fig. 2. Field photo of the cone proximal ~1m tephra section (LCC-1) from which samples are derived (Location indicated in Fig. 1). The associated table provides unit
descriptions and approximate thicknesses of individual tephra units, which are not to scale because of the angle of the photograph. Samples utilized for melt inclusion
analyses are labeled and color-coded (star symbols) by tephra unit. Colors will be used throughout the manuscript. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

in a manner similar to the FL flows (tephra samples correlative to
OB were not acquired). Third is the apparent change in eruptive
style that accompanies the reversal in the compositional trend of
the magma. Not only does each eruptive phase cycle from initially
explosive to primarily effusive, but each cycle becomes more explo-
sive over time. That is, Unit 2 tephra exhibits a primarily Hawaiian
to Strombolian eruptive style, whereas Unit 3 is interpreted to have
been deposited as the result of a violent Strombolian phase (Marks,
2012). Although a detailed textural analysis is not available for
Unit 1 tephra, its low volume and distribution suggest this initial
eruptive phase was a short-lived and low-explosivity event.

Of the ten tephra samples collected, six were chosen for MI
analysis that best represent the main eruptive phases and thus
the chemical transitions throughout the eruptive sequence. Tephra
from LCC-9, LCC-7, and LCC-6 represent the early erupted tephra,
LCC-5 and LCC-4 are interpreted to represent the transition in erup-
tive phases (closing phase of Unit 2 and opening phase of Unit 3,
respectively), and LCC-2 represents the late erupted tephra (Fig. 2).
The results of Marks (2012) suggest Unit 1 was not sampled at this
locality.

4. Methods
4.1. Melt inclusion sample preparation

The ash-sized tephra fraction (<2 mm) was used for MI analy-
ses because it quenches more rapidly than lava flows, bombs, and

lapilli sized tephra clasts, minimizing the potential effects post-
eruption modification (Lloyd et al., 2013). Loose olivine crystals,
1 mm to 250 wm in size, were hand-picked from the washed and
sieved tephra (Supplementary Fig. 1). The olivine crystals were
treated in HBF,4 to remove adhering glass and examined in immer-
sion oils (refractive index 1.675) to locate ML Olivine crystals from
the deposit are generally euhedral and most contain chrome-spinel
inclusions. Nearly all MI also contained a 10 to 30-p.m-diameter
vapor bubble. Olivine crystals hosting fully enclosed and glassy
MI were mounted in crystal bond on glass slides and prepared as
doubly polished wafers. Wafers were immersed in acetone to com-
pletely dissolve the crystal bond before Fourier transform infrared
spectroscopy (FTIR) analysis, and subsequently mounted in epoxy
for electron probe micro-analysis (EPMA) and laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS) analyses.

4.2. Analytical procedures

4.2.1. FTIR

H,0 and CO, concentrations were measured at the University
of Oregon using a Thermo-Nicolet Nexus 670 FTIR spectrometer
interfaced with a Continuum IR microscope. Concentrations were
calculated from IR peak absorbance using the Beer-Lambert law:
C=MA|/pde, where M is the molecular weight of H,0 or CO,, A is the
measured absorbance of the band of interest (3550 cm~! for H,O,
and 1515 and 1435cm~! for CO,), p is the glass density at room
temperature (calculated with major element compositions deter-
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mined by EPMA), d is the thickness of the MI wafer (measured by
micrometer and interference fringes), and ¢ is the molar absorption
coefficient. An absorption coefficient of 63 L/mol cm (Dixon et al.,
1995) was used for H,0. The absorption coefficients for CO, were
calculated for each inclusion based on the major element com-
position (283-345L/mol cm; Dixon and Pan, 1995). This method
relates the absorption coefficient to the molar Na/(Na + Ca) of the
glass and is calibrated for the range of compositions for our sam-
ples. Peak height measurements and background subtraction for
the carbonate peaks at 1515 and 1435 cm~! were calculated using
a peak fitting program (S. Newman, unpublished). This method
yields values for experimental glasses (Dixon et al., 1995) that
are comparable to the reference-glass subtraction and hand drawn
background method upon which the CO, solubility relations and
molar absorption coefficient calibration were established (J. Dixon,
pers. commun.). Raw and corrected MI H,0 and CO, compositions
can be found in Supplementary Table ST1 and ST2.

4.2.2. EPMA

Melt Inclusions and host olivine were analyzed for major ele-
ments, S, and Cl on the Cameca SX-100 electron microprobe at the
University of Oregon CAMCOR MicroAnalytical Facility. MI glass
compositions and host olivine were analyzed with a 10 nA or 50 nA,
10-pmdiameter beam and 15 kV accelerating voltage for major ele-
ments. Time dependent intensity corrections were made for Na, K,
Si, and Al, and these elements were analyzed first at 10 nA. Subse-
quently, the beam current was increased to 50 nA for analysis of
Mg, Fe, Ca, Ti, P, S, and Cl. Individual inclusion analyses are aver-
ages of three point analyses. Olivine compositions are also averages
of three point analyses taken ~100 pm from inclusion and crys-
tal edges to ensure analysis of olivine unaffected by later stage
diffusion. Raw and corrected MI compositions can be found in Sup-
plementary Table ST1 and ST2, respectively.

4.2.3. LA-ICP-MS

Melt inclusions and host olivine were subsequently analyzed
for a suite of trace elements on the Photon Machines Analyte G2
193 nm ArF “fast”Excimer Laser system at Oregon State Univer-
sity, using 50 wm spot size with a 5 Hz pulse rate. Measured trace
element concentrations were determined by reference to GSE-1G
glass as a calibration standard and using 43Ca as an internal stan-
dard (see Loewen and Kent, 2012, for details). BHVO-2G, BCR-2G,
and GSD-1G glasses were also analyzed to monitor accuracy and
precision, and the analyzed values were within 10% of accepted
values.

A larger set of olivine phenocrysts from LCC-2, LCC-4, and LCC-
9 were also analyzed at Lamont-Doherty Earth Observatory. Data
were acquired using a NewWave 193 nm ArF Excimer laser with
a PQExcell ICPMS operated in continuous line scan mode using a
circular laser spot (25 pm for data acquisition and 50 pwm for pre-
ablation) from the core to the rim of each olivine crystal. Scan speed
was 3 pm/s (30 pm/s during pre-ablation) and laser pulse rate was
held at 15 Hz. Calibration curves were obtained using a set of refer-
ence glasses (BIR,BHVO, GOR132-G and GOR128-G) for 15 elements
(Li-7, Mg-26, Al-27, P-31, Ca-44, Sc-45, Ti-47, V-51, Cr-52, Mn-55,
Fe-57, Co-59,Ni-60, Cu-65,Zn-66; see Ruprecht and Plank, 2013, for
details). Recent analyses with the used analytical procedure have
shown that Ca-44 can occasionally be affected by the isobaric inter-
ference of Si-28-0-16, thus limiting the use of Ca-44 here. MPI-Ding
Gorgona glasses were specifically included to obtain good calibra-
tions for elements compatible in olivine (most notably Ni). Mg-26
was used as internal standard and calculated via stoichiometry
(assuming an ideal solid solution of (Mg,Fe),SiO4) from count rates
of Mg-26 and Fe-57. New calibration curves were obtained prior to
each sample. Reference glasses KL2-G and ML3B-G, and San Carlos
olivine (USNM 111312/42) mounted in indium, were also analyzed

Olivine w/out Ml
LATE OLCC-1-2
TRANS A LCC-1-4
EARLY 0O LCC-1-9

Olivine hosting Ml
OLCC-1-2 oLcc-1-6
e <A LCC-1-4 EARLY<E| LCC-1-7
TRANS (A [GC-15 mLCC1-9

a.

FLCC1-2 6 @ oo O O
L Lcc1-4 A o D A

- LCC-1-5
L LCC-1-6

F LCC-1-7

Relative stratigraphic height

F LCC-1-9

3300
3200
3100
3000
2900

Ni (ppm)

2800
2700
2600 S~

87 91

Fo mol%

Fig.3. Olivine phenocryst compositions. a) Forsterite content of olivine hosting melt
inclusions (filled symbols) and additional olivine phenocrysts measured by LA-ICP-
MS (without meltinclusions; open symbols) ordered by relative stratigraphic height.
See Fig. 2 for a more detailed stratigraphy. b) Ni versus Fo for olivine phenocryst
cores (not hosting analyzed melt inclusions) measured by LA-ICP-MS. Panels a) and
b) exclude data from olivine xenocrysts, as described in Section 5.1. Solid black lines
represent olivine fractionation curves, labeled with tick marks which each represent
1% of olivine fractionation.

to monitor accuracy and precision. Olivine and MI trace element
compositions can be found in Supplementary Table ST3 and ST1,
respectively.

5. Results
5.1. Olivine compositions

The host olivine have core compositions of Fogg g_gg 5. The larger
populations of analyzed olivine phenocrysts from LCC-1-9, LCC-1-4,
and LCC-1-2 overlap with the MI host olivine compositions (Fig. 3a),
and typically exhibit broad, homogenous cores and thin (10-30 wm)
Fe-rich rims. From this larger population, 10 crystals were iden-
tified as xenocrysts because they have variable zoning patterns
and contain cores of Fo;g_g7. These xenocrysts are excluded from
Fig. 3 because they are not representative of the main phenocryst
populations. The olivine hosts for analyzed MI have high-Fo core
compositions, with early erupted tephra clasts displaying more
Mg-rich olivine cores (Fogg_gg 5) than later erupted tephra (Fogg_gg)
(Fig. 3).Early and late erupted olivine phenocrysts also have distinc-
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tive trace element compositions (Fig. 3b), with the high-Fo cores of
early erupted olivine showing a more restricted range in Ni.

5.2. Post-entrapment crystallization and Fe-loss corrections

The MI analyzed in this study were all sampled from rapidly
quenched tephra. However, MI are commonly affected by crys-
tallization of olivine along the walls of the inclusion and by Fe
diffusive loss during the time between trapping and eruption. If
the measured composition of a MI is not in equilibrium with the
surrounding host olivine, then the MI has likely experienced post-
entrapment crystallization (PEC; Danyushevsky et al., 2000). The
original MI composition can be estimated by incrementally adding
equilibrium olivine back into the melt until it is in equilibrium
with its host olivine. In this study, Petrolog 3.1 (Danyushevsky and
Plechov,2011)was used to determine original MI compositions and
to calculate the percent of olivine crystallized from the MI after
entrapment. For this correction, we used Fe-Mg partition coeffi-
cients (Ky) between the melt and host olivine from Danyushevsky
(2001). Oxygen fugacity was determined using the partitioning of
V between the MI and host olivine using methods of Mallmann and
O’Neill (2009). The oxygen fugacities of the most primitive MIs were
AQFM +1.4 (£0.4), with no distinct difference between eruptive
units.

Post-entrapment crystallization corrections also require an esti-
mate of the initial Fe content of the MI prior to Fe-loss by diffusion.
Bulk tephra analyses from Cinder Cone were used as a proxy to esti-
mate the original Fe contents. Primitive lavas in the Lassen region
have 7-8 wt% FeOT which overlaps with or is slightly higher than
the values for Cinder Cone lavas and bulk tephra (5.5-7 wt% FeOT).
Based on this comparison we assumed that Cinder Cone melts
initially had 7wt% FeOT. Melt inclusion compositions required
5-15.6% olivine addition to reach equilibrium with their host
olivine, a range typical for olivine-hosted melt inclusions (e.g.,
Johnson et al., 2009; Ruscitto et al., 2010). Volatile and incompati-
ble trace element concentrations in the MI were also corrected for
PEC using the Petrolog 3.1 results.

5.3. Major element compositions

We present data for 43 MI, 23 of which are from early units, 12
from transitional units, and 8 from the late erupted tephra (Table 1;
Supplementary Table TS1). Corrected MI are basaltic to basaltic
andesite in composition (Fig. 4), and most fall in a narrow range
of Si0, contents (~51-53 wt% on a volatile-free basis). Variabil-
ity in total alkalis, however, shows compositional differences in
MiIs from different units. Early erupted units (LCC-9, LCC-7, LCC-6)
have lower alkalis (~3.5-4 wt% Na,0 +K;0) compared to middle
and late erupted units (LCC-5, LCC-4, LCC-2), which have higher
values (~4-4.5 wt%). Middle erupted or transitional units (LCC-4
and LCC-5) display the most compositional variability and contain
the greatest number of inclusions that have high concentrations of
both SiO, and alkalis. This pattern is also apparent in the concen-
trations of other major elements, such as MgO and CaO, which are
elevated in early erupted MIs compared to late erupted Mls, but
highly variable in the transitional units (Fig. 5). Because early and
late erupted MiIs are easily identified by most major elements and
are found within tephra units that display distinct deposit charac-
teristics (Marks, 2012), for simplicity, we will refer to the average
early erupted MI composition as the early magma batch and the
average late erupted MI composition as the late magma batch.

Interestingly, the differences in alkalis between early erupted
and late erupted MlIs are mirrored in the total alkali concentrations
of lava and bulk tephra (Fig. 4). While most MIs have distinctly
lower SiO, than the lavas and bulk tephra (Fig. 4), melt inclusions
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Table 1
Corrected melt inclusion compositions.

Each row represents the composition of an individual melt inclusions corrected for post-entrapment crystallization, as described in Section 4. Methods.

Samples are named LCC-1-X-Y-Z where LCC-1 refers to the tephra pit (as described in Fig. 2) X refers to the sampled tephra units (Fig. 2), Y refers to the individual olivine
phenocrysts and Y refers to an individual melt inclusion (e.g., an individual olivine phenocryst may host 2 melt inclusions).

*Reported COymax Values represent the composition corrected for CO,-loss to vapor bubbles. V Indicates melt inclusions that do not have vapor bubbles, and thus were not

corrected for CO,-loss to vapor bubbles.

Fo_host values refer to the forsterite content of the olivine hosting the analyzed melt inclusion.

Sample Si0, TiO, AlLO; MgO Ca0 Na,O0 K;0 H,O  *COz(ppm) FO.Host  Pb Li Sc Th La Sr/Nd  Zr/Nb
LCC-1-9-01 5064 0.84 16.06 893 9.74 3.13 083 248 1946 89.70 - - - - - - -
LCC-1-9-02 49.76 091 1737 842 9.10 3.32 0.81 294 994 89.20 - - - - - - -
LCC-1-9-06 49.47 083 1594 947 1027 278 069 3.19 2913 90.20 2.40 5.84 30 129 838 31.70 18.14
LCC-1-9-07 5023 080 16.03 941 9.76 2.67 079 297 1252 90.00 291 9.69 31 165 7383 35.83 17.46
LCC-1-09-09 50.28 0.77 15.88 9.51 9.37 2.74 079 272 1781 90.10 2.87 1576 31 1.66 8.08 2443 2216
LCC-1-9-04-1 50.17 082 1623 886 9.85 3.06 0.78 2.89 1162 89.60 2.90 7.24 27 166 7.59 30.53 17.78
LCC-1-9-04-2 5041 0.80 16.00 894 955 2.92 085 3.18 1453 89.60 2.80 7.60 27 153 7.03 3237 1735
LCC-1-9-10 5029 0.78 16221 929 9.75 2.92 079 263 2631 90.00 - - - - - - -
LCC-1-9-16-1 4953 080 15.88 926 1030 2.87 0.66 3.35 2696 90.00 1.66 4.84 29 112 6.57 3484 16.27
LCC-1-9-16-2 4943 081 1593 928 1034 2.82 066 338 2766 90.00 2.13 7.55 29 099 6.44 3430 15.46
LCC-1-9-18 5040 0.80 15.85 920 9.81 2.96 0.76 288 2514 89.90 - - - - - - -
LCC-1-7-02 5023 0.76 16.05 9.73 1047 2,59 0.60 225 2574 90.30 - - - - - - -
LCC-1-7-03 50.78 0.76 15.86 9.50 10.22 2.95 065 195 2194 90.20 - - - - - - -
VLCC-1-7-04 5048 0.78 15.84 9.77 10.63 2.89 061 1.68 892 90.50 - - - - - - -
LCC-1-7-05 50.75 0.77 1549 9.70 941 2.60 077 3.19 1325 90.20 3.95 17.02 29 127 739 3532  17.52
LCC-1-7-08 50.24 0.77 1586 9.03 10.06 2.92 0.69 3.10 1782 89.70 2.82 7.11 29 118 7.07 36.65 16.95
LCC-1-7-10 50.27 0.78 15.68 9.25 10.18 2.84 066 3.02 2196 89.90 242 7.32 26 1.01 634 36.50 15.21
LCC-1-6-01 4992 082 1614 957 987 2.90 070 274 2598 90.30 2.88 9.04 25 1.08 7.05 3424 1348
LCC-1-6-02 51.00 081 16.08 883 9.48 2.95 0.78 2.73 1540 89.40 3.02 7.04 25 158 7.86 36.79 15.57
LCC-1-6-06 50.05 085 1638 9.16 9.70 2.82 075 291 2022 89.80 2.80 9.05 26 144 732 34.06 15.23
LCC-1-6-07 50.57 0.84 16.02 887 961 2.94 0.78 3.00 2735 89.50 - - - - - - -
LCC-1-6-08 5029 082 1694 9.02 9.89 2.91 0.77 2.02 1392 89.70 - - - - - - -
VLCC-1-6-10 5365 070 15,67 9.02 7.24 3.15 145 176 1122 89.70 8.29 3527 21 326 951 2838 14.58
LCC-1-5-01-1 50.83 0.81 16.13 856 9.81 3.20 085 243 2347 89.30 - - - - - - -
LCC-1-5-01-2 50.94 0.81 1576 856 9.72 3.25 082 278 2419 89.30 - - - - - - -
VLCC-1-5-03 5220 087 1590 838 9.60 3.55 091 124 738 89.20 3.14 9.17 26 1.60 8.41 35.35 16.01
LCC-1-5-04 5425 077 15.86 837 7.52 343 146 096 897 89.10 9.74 3323 19 269 1056 28.70 14.65
LCC-1-5-05 5145 0.89 1587 8.61 9.73 3.54 082 1.72 2525 89.50 - - - - - - -
LCC-1-5-07 51.84 085 1629 860 10.04 3.21 0.85 0.99 2827 89.30 - - - - - - -
VLCC-1-5-11-1 53.89 0.67 1511 830 6.92 3.69 177 229 1305 89.30 9.82 5164 18 284 930 29.04 14.59
VLCC-1-5-11-3 5530 0.67 1528 928 6.97 1.94 172 149 0 89.30 - - - - - - -
LCC-1-5-12 51.46 078 1657 7.87 9.56 3.41 1.03 193 1883 88.50 3.81 1113 21 146 8.75 3631 15.04
LCC-1-4-05 5266 093 16,64 856 8.33 3.25 156 0.68 1637 89.40 2.62 6.24 20 124 647 3531 13.85
LCC-1-4-06 52.08 094 1725 757 9.60 3.45 1.00 071 O 88.00 1400 6895 28 478 1492 29.67 13.37
VLCC-1-4-13 50.73 092 1628 8.65 9.54 3.38 084 197 1240 89.50 - - - - - - -
LCC-1-2-01 5098 096 1654 7.94 9.53 3.58 089 219 1402 88.70 3.91 1053 26 1.70 9.13 3256 12.15
LCC-1-2-02 5096 094 16,66 832 9.07 291 095 282 1692 88.80 - - - - - - -
LCC-1-2-04 50.60 0.95 16,57 824 9.24 3.22 090 289 2645 88.90 2.95 7.71 24 143 899 3240 14.14
LCC-1-2-05 50.55 097 17.04 820 939 3.42 092 211 1950 89.00 - - - - - - -
LCC-1-2-07 50.57 095 16.85 8.18 947 3.49 091 220 1843 89.00 2.97 9.59 27 161 936 3126 1297
LCC-1-2-08 50.76 094 17.03 7.66 9.0 343 091 238 1725 88.20 3.48 8.50 28 172 953 3229 13.73
LCC-1-2-09 50.83 094 1687 7.98 947 3.46 091 214 1392 88.70 - - - - - - -
LCC-1-2-10 4999 092 1674 812 941 3.40 089 3.14 2007 88.90 - - - - - - -

with elevated SiO, (>54 wt%), mostly from the transitional units,
overlap with bulk lava and tephra in MgO and Al,03 contents.

5.4. Volatile concentrations

H,0 and CO, concentrations measured (uncorrected) at Cin-
der Cone range from 0.74 to 3.7 wt% and 0-1545 ppm, respectively
(Fig. 6), similar to values for other nearby scoria cones (Walowski
et al, 2015, 2016) and cones in the central Oregon Cascades
(Ruscitto et al., 2010; Ruscitto et al., 2011; Le Voyer et al., 2010).
However, a number of recent studies have shown that MIs com-
monly experience post-entrapment changes that decrease their
dissolved H,0 and CO, concentrations (Esposito et al., 2011;
Gaetani et al., 2012; Bucholz et al., 2013; Lloyd et al., 2013; Hartley
etal., 2014; Moore et al., 2014; Wallace et al., 2015). The measured
dissolved concentrations therefore represent a minimum estimate
of the initial H;O and CO, contents of the magma during entrap-
ment.

Most basaltic Mls, including nearly all Mls in this study, contain
avapor bubble, the size of which can be used to determine ifit is pri-
mary (co-entrapped with melt) or formed after entrapment (Riker,

2005). Shrinkage bubbles form after entrapment as a result of the
pressure drop caused by crystallization along the host-inclusion
interface and thermal contraction of the melt (Roedder, 1979;
Lowenstern, 1995). Because CO, has a much lower solubility than
H,O0, it strongly partitions into the bubble, leaving only a fraction of
the CO, dissolved in the melt compared to that at the time of entrap-
ment (Esposito et al., 2011; Hartley et al., 2014; Moore et al., 2014).
Recent work suggests that 40-90% of the total CO, in the MI can
be lost to this shrinkage bubble (Moore et al., 2014; Wallace et al.,
2015; Aster et al., 2016), leading to a drastic underestimation of
entrapment depths when only dissolved CO, is taken into account.
To correct for CO, loss, we used a modified calculation based on
the methodology of Riker (2005), Wallace et al. (2015), and Aster
et al. (2016). Comparisons of this method with results of experi-
mental redissolution of CO, in shrinkage bubbles (Wallace et al.,
2015; Tuohy et al., 2016) and Raman spectroscopic determination
of CO, densities in bubbles (Aster et al., 2016) show reasonable
agreement. First, we estimate the size of the vapor bubble at the
time of eruption. This bubble volume (Vy,;,) is formed as the result
of cooling-induced crystallization (PEC) and melt contraction as a
function of the change in temperature between entrapment and
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pre-eruption (AT). We use the phase equilibria of the most primi-
tive MI compositions calculated with rhyolite-MELTS (which is also
optimized for basaltic compositions at the pressures of interest;
Ghiorso and Gualda, 2015) and the volume and thermal expansion
data for silicate melts (Lange and Carmichael, 1990) and olivine
(Kumazawa and Anderson, 1969; Suzuki, 1975) to derive an equa-
tion for the Cinder Cone magmas:

Vpup (%) = 0.0092 AT (1)

For each individual MI, we used Petrolog 3.1 to estimate the
AT and then Eq. (1) to estimate Vpy,. Melt inclusions that did
not contain a vapor bubble were excluded from this correction.
Although the absolute temperatures calculated with rhyolite-
MELTS (Ghiorso and Gualda, 2015) and Petrolog 3.1 (Danyushevsky
and Plechov, 2011) are different, the AT calculated for each MI from
the two methods is similar (Aster et al., 2016).

We used this estimate of the pre-eruption Vy,,;,, the pre-eruption
temperature, and the dissolved H,O and CO, concentrations of each
inclusion to determine the mol% CO, in the equilibrium vapor phase
using rhyolite-MELTS (Ghiorso and Gualda, 2015). We then used the
Redlich-Kwong equation of state to determine the molar volume
of CO, in the vapor bubble. This allows us to estimate the mass of
CO; in the bubble and then add it to the mass of CO, dissolved in
the quenched glass to get an estimate of the total dissolved CO,
concentration in the MI at the time of trapping. The results of the
CO, restoration calculations suggest that 5-84% (avg. 52%) of the
initial dissolved CO, in the MlIs at the time of trapping was lost to
vapor bubbles during post-entrapment crystallization. Corrected
concentrations of CO, are shown in Fig. 6 and in Table 1, and a table
detailing the correction method for each inclusion can be found in
Supplementary Table ST4.

The H,0 contents of MIs can also be modified after entrapment.
Experimental studies have shown that at magmatic temperatures,
olivine-hosted Mls can lose nearly all of their H,O in hours to days
via H* (proton) diffusion, depending on temperature and H,O con-
tent of the surrounding melt (Gaetani et al., 2012; Bucholz et al.,,
2013). To investigate whether MIs from Cinder Cone have lost H
by diffusion, we compared S/K;0 and H,0/K;O ratios: correlated
low values would indicate that lower MI H,O contents record early
degassing of the melt (e.g., Johnson et al., 2010). The observed

variations in H,O/K,;0 and more restricted range of S/K;0, how-
ever, suggest that the H,O variations may be the result of variable
diffusive loss. To correct for post-entrapment H loss by diffusion,
following Lloyd et al. (2013), we assumed that all MI initially had
H,0/K,0 values similar to that of the highest measured value for
each unit. This correction procedure should yield the maximum
likely initial H,O content for each inclusion (Fig. 6b; Table 1). Melt
inclusions with >1 wt% K,0 were not corrected for H-loss by dif-
fusion because they likely experienced crustal contamination and
may have been trapped after some degassing of H, 0. The maximum
estimated H,O values (Fig. 6b) can be compared with H,0 values
that have only been corrected for post-entrapment crystallization
(Fig. 6a), as these provide upper and lower bounds, respectively, for
the H,O contents at time of trapping.

Trapping pressures for the restored H;O and CO, concentra-
tions were calculated using solubility relations of Ghiorso and
Gualda (2015), which is the most up-to-date model with the
largest calibration dataset. The solubility model results are sim-
ilar to those from lacono-Marziano et al. (2012) at the relevant
H,0 and CO, concentrations. The estimated trapping pressures
range from ~2.4-4.8 kbar for the vapor bubble and H-loss corrected
MiIs (Fig. 6). These estimates are 1-2 kbar higher than those esti-
mated from PEC-corrected-only dissolved H,O and CO, contents.
Assuming an average crustal density of 2.6 g/cm?, the determined
pressures correlate to entrapment depths of ~9.5-20km below
the surface. Corrected MI fall more closely along open- or closed-
system degassing paths (Fig. 6), indicating that they may have
been trapped over a range of pressures from vapor-saturated
melts, although this may be an artifact of our assumption of ini-
tially constant H,O/K;0 (cf, Lloyd et al., 2013). The high-K,0
MI that were not corrected for H-loss and those that did not
contain vapor bubbles were likely trapped at lower pressures
(<2 kbar).

5.5. Trace element concentrations

Melt inclusions at Cinder Cone have typical calc-alkaline,
subduction-related trace element patterns that show enrichments
inlargeionlithophile (LILE) and light rare earth (LREE) elements rel-
ative to high field strength elements (HFSE) like Nb and Ta (Fig. 7).
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MiIs from late erupted units have higher concentrations of highly
incompatible elements than early erupted MIs. MIs from transi-
tional units with elevated SiO, and alkalis are even more enriched
in highly incompatible elements such as Sr, Ba, U, and Pb.

6. Discussion
6.1. Crustal contamination

Most MIs have distinctly lower SiO, than the lavas and bulk
tephra (Fig. 4), which suggests that the Cinder Cone magmas were
contaminated by evolved crustal material after most olivine growth
and MI entrapment. Furthermore, most olivine crystals (Fogg 5_90.5)
are not in Fe-Mg equilibrium with the lava and bulk tephra. While
we did not analyze matrix glass because of the moderate to exten-
sive groundmass crystallinity, the predicted composition of olivine
in equilibrium with the bulk tephra (which is olivine enriched
compared to the matrix, but also has varying amounts of quartz
xenocrysts) is Fog7_g7.5. The olivine phenocryst rims are also com-
monly Fog;_gg. Therefore, significant chemical evolution of the
magma occurred after olivine growth and Ml entrapment. The ubiqg-
uitous presence of quartz xenocrysts in the tephra and lava suggests
that this evolution was caused primarily by crustal contamination.
In addition, rare partially melted and/or vesiculated granitic clasts
in the lavas likely represent the source of both the abundant quartz
and rare K-feldspar xenocrysts.

We calculate the extent of mixing between the low-SiO, MI
compositions and high-SiO, compositions of the granitic xenoliths
(Fig. 8). Bulk tephra and lava compositions fall along mixing lines
between magma batch 1 (early erupted MI) or magma batch 2 (late
erupted MI) and the average granitic xenolith composition. Early
erupted PD lava and (Unit 2) tephra can be produced by 10-35 wt%
assimilation of granitic basement by magma batch 1 (Fig. 8). Late
erupted FL lava and (Unit 3) tephra can be produced by 15-30%
assimilation of granitic basement by magma batch 2 (Fig. 8). Rare
mafic enclaves in the late-stage FL lava flows are similar in compo-

sition to the LCC-1-2 MiIs, providing further evidence that the MI
represent the parental magma compositions.

Melt inclusions from transitional sample LCC-1-5 have TiO; val-
ues that fall along mixing lines with the early erupted units. The MI
from LCC-1-4, conversely, have TiO, contents that fall along mixing
lines with the late erupted tephra. These associations are consistent
with our interpretations of the tephra stratigraphy, which suggest
that LCC-1-5 represents the transitional, waning explosive phase of
Unit 2, which is followed by the effusive phase that produced PD2
lava. Subsequently, LCC-1-4 represents the first-erupted material
from the explosive phase that produced Unit 3 (Fig. 2). LCC-1-5
also has the largest number of MlIs that have contaminated com-
positions, and which are similar to the lava flows and bulk tephra.
This correlation suggests that change in eruptive style from explo-
sive to effusive accompanied increased magma residence time at
shallow level to allow time for the observed assimilation and shal-
low crystallization. This scenario is similar to that suggested for
the compositional variation at Paricutin (e.g., Erlund et al., 2010),
although it must have occurred over a shorter time scale (<5 years
as opposed to 10years). Evidence for temporary shallow magma
storage is also provided by the high groundmass crystallinity of
tephra from the transitional samples (particularly LCC-1-4; Marks,
2012).

Further evidence for assimilation of granitic basement is pro-
vided by the trace element compositions of MI. Fig. 8 shows that
the elevated SiO, values of Mls in the transitional units are accom-
panied by high concentrations of incompatible trace elements, such
as Li, Pb, Ba, U. These incompatible trace elements are also found
in high concentrations in typical Sierran granites (e.g., Cecil et al.,
2012), which are the hypothesized basement rocks in the region
and the likely source of the xenoliths. The Li concentrations of the
MI appear to be particularly sensitive to the granitic contaminant,
as shown by an observed linear correlation of Li with Pb (Supple-
mentary Fig. 3) that clearly separates MlIs that have experienced
contamination from those that did not.
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6.2. Parental melt compositions

The olivine phenocrysts in the Cinder Cone tephra have com-
positions of Foggg_go5 and the host crystals for the MI range up
to Fogp,. The upper end of the range of olivine compositions
overlaps with olivine that would be in equilibrium with mantle
peridotite, suggesting the magmas either experienced little to no
fractionation prior to MI entrapment, or that there is a relatively

refractory mantle source beneath the Lassen region, with olivine
>Fogg.

MIs from late erupted LCC-2 show distinct compositional dif-
ferences relative to early erupted MI (Figs. 5 and 7); they are also
hosted in slightly less-magnesian olivine (Fogg; Fig. 3), indicating
that they could be related to the early erupted magmas via crystal
fractionation. We used Petrolog 3.1 and pMELTS (Ghiorso et al.,
2002) to model equilibrium crystallization of the early erupted
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magma at 4 kbar, which is near the upper end of trapping pres-
sures estimated from the corrected CO, and H,0 contents (Fig. 6).
Olivine is predicted to be the liquidus phase for the primitive batch
1 composition, but olivine crystallization alone cannot account for
the observed decrease in CaO with decreasing MgO (Fig. 5). Because
these basaltic magmas are ultimately derived from the mantle,
they may have fractionated olivine and clinopyroxene prior to
ascent. Pressures near the Moho beneath the southern Cascades are
~10kbar (~38 km; Mooney and Weaver, 1989), a pressure above
which clinopyroxene may replace olivine as the liquidus phase in
hydrous primitive basalts (e.g., Blatter et al., 2013). Mass balance
modeling suggests that ~5% high-pressure clinopyroxene fraction-
ation may explain the observed major element differences between
the two units (Fig. 5). However, phase equilibrium calculations with
PMELTS at 10 kbar for the composition of the early erupted mag-
mas do not predict clinopyroxene as the liquidus phase, so we test
this possibility further using the trace element compositions of the
uncontaminated MI. Using equilibrium crystallization and parti-
tion coefficients between clinopyroxene and basaltic melt for La,
Nb, Sc and Th, we model the change in melt composition as the
result of clinopyroxene fractionation. Sc is compatible and should
decrease rapidly in the melt (Fig. 9a), whereas Nb, Th, and La are
incompatible, and should increase slightly (Fig. 9 b, ¢, d). Com-
parison with our data shows that 5% clinopyroxene can explain

the variability in Sc and the relatively constant Th concentrations
in early and late erupted units (Fig. 9a). However, the magnitude
of Nb and La increases with decreasing MgO cannot be explained
by fractionation alone. Although small amounts of high-pressure
clinopyroxene fractionation could have affected the compositions
of batch 2 parental magmas, even this process cannot account
entirely for the differences in trace element abundances. Our inabil-
ity to explain the entire trace element variation by fractionation,
either in the mantle or in the crust, suggests that their differences
may be the result of mantle processes, such as variability in mantle
source composition or the degree of partial melting.

Compositional variability among olivine phenocrysts can fur-
ther be used to distinguish between early and late erupted parental
magmas. Fig. 3 compares olivine Ni and Fo core compositions
between early and late erupted units. Early erupted LCC-9 has
olivine phenocryst cores with high Fo and a restricted range in Ni
that requires <1% olivine fractionation. Late erupted olivine cores,
in contrast, follow a steep fractionation path (~2-3% olivine frac-
tionation) starting from higher Ni, which may be explained by a
slightly more refractory mantle source (e.g., Ruprecht and Plank,
2013).

It is important to note that although magma batches 1 and 2
are geochemically distinct, they are more similar to each other
than to most other primitive basaltic magmas in the Lassen region
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(Fig. 10; Clynne, 1993; Borg, 1995; Walowski et al., 2015, 2016).
Most primitive magmas in the Lassen region are formed by vari-
able additions of slab components to a relatively heterogeneous
mantle wedge (Walowski et al., 2015, 2016). Fig. 10 shows simi-
lar values of Sr/Nd in early and late erupted magmas that suggest
similar amounts of a subduction component. Differences in Nb/Zr,
however, suggest that late erupted magma batch 2 may be derived
from a slightly less depleted mantle source (Fig. 10). It is also
possible that both batches were derived from the same man-
tle source, but experienced different paths (down-temperature)
through the upper-most lithospheric mantle. For example, magma
batch 2 may have reacted with lithospheric pyroxenite veins, which
could explain the elevated Ni contents in olivine compared to
magma batch 1. Regardless of their origin, our data support pre-
vious observations that monogenetic cones tap different batches of
mantle-derived melts during a single, short-lived eruption (Brenna
et al., 2010, 2011; McGee et al,, 2011; Rowe et al,, 2011). In the
Lassen region, specifically, the markedly different mafic composi-
tions erupted (10 different groups of magma) over a short time
interval (<10ka) at Poison Lake, indicate that mafic magmas can
ascend from depth (probably along faults) without much interac-
tion with the crust or each other (Muffler et al., 2011).

6.3. Timescales of storage, mixing and ascent

Olivine phenocrysts from all units have broad, homogeneous
cores and Fe-enriched rims (Fig. 11). Nickel concentrations show
a similar pattern - homogenous throughout the core, with nor-
mal zoning near the rim. While equilibrium between olivine cores
and the melt inclusions they host provide evidence that olivine
may not necessarily grow as zoned crystals (Danyushevsky et al.,
2002), other studies suggest that even small amounts of olivine
crystallization lead to measurable changes in surrounding melt
composition such that Ni and Fo of the olivine should be normally
zoned (e.g., Fig. 11; Straub et al., 2011, Ruprecht and Plank, 2013;
Thomson and Maclennan, 2012). Flat cores require some other or
an additional process. If the lack of zoning represents a growth
process, it requires growth under conditions where Mg/Fe ratios
are unchanged during olivine growth. This either implies continu-
ous replenishment of the crystallizing magma body with primitive
high Mg# melts or buffering of the melt by growth under high

and constant Mg/Fe conditions, such as during crystallization in the
mantle (Ruprecht and Plank, 2013). Alternatively, flat cores could
be the result of prolonged diffusion that flattens out initial growth
zoning (Thomson and Maclennan, 2012). Two different models of
initial growth prior to diffusion have emerged, affecting length-
scale estimates for potential diffusive equilibration. In addition to
the conventional view where crystals grow quasi-concentric from
the inside-out with the cores being old and rims young, dendritic
rapid growth followed by back-filling and textural equilibration
potentially shortens diffusive length-scales (Welsch et al., 2012;
Shea et al., 2015).

6.3.1. Pre-eruptive storage timescales

A detailed growth sequence for the Cinder Cone olivine is
unknown and therefore one can only calculate a conservative
estimate for potential diffusion-related equilibration timescales
that would produce flat compositions in olivine cores. Using
the scaling relationship t ~x2/D derived from Fick’s second law,
which describes the change in composition with time over a one-
dimensional system,

oc _o'c
ot~ ox?
we can estimate to a first order the timescales of olivine residence
in a high Mg-Fe melt that equilibrates the entire core. Here C is
concentration, t is time, and D is the diffusivity. The above expres-
sion of Fick’s law assumes a constant diffusion coefficient, D, which
for most natural systems is an approximation. The diffusion coeffi-
cient for Fe-Mg and Ni in natural olivine, for example, varies with
temperature, pressure, oxygen fugacity, composition, and crystal-
lographic orientation (Petry et al., 2004; Dohmen and Chakraborty,
2007). We take the diffusion coefficient along the c-axis, the fast
direction, for Ni in olivine as 1.3 x 10~ wm?/s and for Fe-Mg as
1.14 x 10~ um?/s, both calculated for a temperature of 1150°C
(Petry et al., 2004; Dohmen and Chakraborty, 2007, respectively).
Flat cores range in size, but are commonly ~300 wm from the center
towards the rim (Fig. 11). Applying the scaling relationship to such
conditions, we find that cores would need centuries (t ~ x?/Dy;;
>200yr) at high temperature and constant Mg/Fe melt ratios to
fully equilibrate. Such storage conditions could occur in either the
mantle (Ruprecht and Plank, 2013; Gordeychik et al., 2018) or the
crust (Thomson and Maclennan, 2012), as suggested by calculated
MI entrapment pressures for the Cinder Cone olivine.

(2)

6.3.2. Timescales of mixing and ascent

With respect to the normal zoning near the olivine rims, cor-
related Fe-Mg and Ni zoning can either reflect new olivine rim
growth (e.g. see Fig. 11) or diffusive exchange as a result of mix-
ing between primitive olivine-phyric magmas with more evolved
compositions. Ni is compatible in olivine and has a similar dif-
fusivity to Fe-Mg interdiffusion (Petry et al., 2004; Dohmen and
Chakraborty, 2007), and therefore follows Fe/Mg in the Cinder Cone
olivine phenocrysts (Fig. 11). The Fe-rich and Ni-poor rims were
likely developed at the same time as crustal contamination, magma
mixing and/or entrainment of olivine in new batches of melt, pro-
cesses that could lower the Mg and Ni content of the bulk magma. If
we assume that the olivine crystals reacted to this change by diffu-
sive re-equilibration, we can use the diffusion time scales of Ni and
Fe-Mg to estimate a residence time of olivine in the evolved magma.
Although the observed geochemical gradient may be related to new
olivine growth, and despite uncertainties related to diffusion coeffi-
cients and anisotropy (e.g., Oeser et al., 2018), we aim to utilize the
observed relationships to place maximum constraints on mixing
and residence timescales and compare with previous studies.

Due to strong diffusion anisotropy in olivine (e.g., Dohmen and
Chakraborty, 2007; Shea et al., 2015) we consider only the fast



K.J. Walowski, P.J. Wallace, K.V. Cashman et al. / Journal of Volcanology and Geothermal Research 387 (2019) 106665 13

a —91
o
nHo apl .
= g
a
o —90 &
[
- [a)
S
-] o
89 2
Fo concentration profile g
g
—88
L 1 1 1 1 1

50 100 150 200 250 300
distance from crystal rim (microns)

c. LCC-1-9 [LCC-14 LCC-1-2

-12000

1500 =

P Fir
Fo Ni Fo Ni Fo Ni
Early  Transitional Late

Fig. 11. Complete diffusion model timescale results for Ni (open symbols) and Fo (filled symbols). Points in panel a) representative example of measured core-rim Ni and
Fo contents measured by LA-ICP-MS. Panel b) shows a backscatter image of a representative olivine with the location of the laser ablation transect along the c-axis. Panel
c) shows timescales (in days) estimated from individual olivine phenocrysts using Ni (open symbols) and Fo (filled symbols) from early from LCC-9 (early erupted; red),
LCC-4 (transitional; green), and LCC-2 (late erupted; blue) tephra. Error bars are one standard deviation. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

direction along the c-axis, although a rigorous determination of
crystallographic axes was not performed, and acknowledge that
diffusion along the a and b axes would result in timescales ~6 times
slower. For the boundary condition, we assume that the measured
Ni and Mg content at the olivine rim is the equilibrium Ni and Mg
content of the olivine coexisting with the melt surrounding each
olivine crystal. We also assume that the average core composi-
tion is representative of the initial olivine core composition before
magmatic evolution (Fig. 11).

Using this simple method, we find the olivine phenocrysts
record residence times of 0.4-6.3 years (Fig. 11). The average Ni
and Fe-Mg diffusion timescales for early and late erupted units
are similar at ~500 days (~16 months), and most crystals record
times of <~1000days (Fig. 11c). The uncertainty in these results
is derived from choice in temperature, and thus, diffusivity, as
well as an inability to determine growth vs. diffusion processes.
Petrolog 3.1 estimates average trapping temperatures of ~1150°C
and pre-eruptive temperatures of ~1050°C. This indicates that
temperatures were decreasing during mixing and ascent, which is
not captured by our model of the rim zones. Decreasing the tem-
perature would cause an increase in estimated times; however,
simultaneous olivine growth would act to significantly decrease
this estimated timescale.

Despite the inherent uncertainties and limits of the diffusion
chronometry performed here, the calculated olivine residence
times at Cinder Cone recorded in the crystal rims are similar to
those calculated for olivine from the 18th century eruption of V6l-
can Jorullo in central Mexico utilizing similar modeling methods
(200 to >1000days; Johnson et al., 2008). This similarity is inter-
esting given the total length of the Jorullo eruption (<15 years;
Luhr and Carmichael, 1985) was longer than the eruption of Cinder
Cone (<5years; Sheppard et al., 2009). Similarities in the esti-
mated timescales between mixing and storage durations at Cinder
Cone and Jorullo emphasize the difference between pre-eruptive
timescales of magma assembly compared to the timescales of syn-
eruptive magma migration and eruption.

6.4. Eruption dynamics

The stratigraphic record and physical characteristics of the same
Cinder Cone tephra sample locality from which the olivine-hosted
melt inclusions are derived shows that the eruption exhibited two
main and distinct eruptive phases (Marks, 2012). Early erupted
units LCC-1-9, LCC-1-8, LCC-1-7, LCC-1-6, are dominated by rel-
atively large, highly vesicular golden tephra clasts (Fig. 2), have a
restricted area (~40km? for the 5-cm isopach), and componentry

characteristics suggestive of a primarily Strombolian eruptive style
(Marks, 2012). The late erupted tephra units (LCC-1-4 through LCC-
1-1) are markedly finer grained (Fig. 2), have a larger areal extent
(~100km? for the 5-cm isopach) and volume, and have tephra
componentry analogous to other violent Strombolian cinder cone
eruptions (Marks, 2012). The tephra unit LCC-1-4, in particular, is
uniquely dominated by dense microcrystalline clasts, and LCC-1-5
is a dark fine ash layer (Fig. 2), interpreted as a transitional unit.

The MI compositions suggest that these two identified explosive
phases also correlate with the eruption of two separate magmas
tapped during the eruption. This is perhaps surprising, because the
volatile concentrations of the two magmas are nearly indistinguish-
able, with only transitional magmas clearly sampling shallowly
degassed compositions. Thus, differences in volatiles alone cannot
explain the change in eruptive dynamics observed at Cinder Cone.
We therefore suggest that evolution of the subvolcanic magmatic
system must have contributed to the change in eruptive style.

The inferred eruption dynamics at Cinder Cone may be anal-
ogous to those observed during the April-October 2010 eruption
of Eyjafjallajokull. During this Icelandic eruption, the locations of
sub-surface seismic events suggest that magma was tapped from
new storage reservoirs located at progressively greater depths over
the course of the eruption (Tarasewicz et al., 2012). Compositional
changes over the course of a single eruption are also observed at
Sand Mountainin the central Oregon Cascades, although in this case
changes in magma composition were associated with vent migra-
tion. These previous observations provide evidence that eruption
of an initial magma batch can destabilize other local magma stor-
age reservoirs during a single eruptive episode. Such observations
indicate that individual ‘monogenetic’ eruptions could tap multiple
crustal magma lenses. We draw on this analogy to link the petro-
logic data from Cinder Cone tephra to the eruption dynamics. The
mostimportant observations are (1) the volatile contents of olivine-
hosted MIs are similar in early and late erupted tephra, despite
small compositional differences, (2) olivine diffusion time scales
suggest that, on average, olivine crystals spent several months re-
equilibrating with a cooler magma prior to eruption and (3) the
second main eruptive phase (Unit 3) was more voluminous and
more explosive (as measured by grain size and deposit extent) than
the first main phase (Unit 2).

These data provide a framework in which to infer the
pre-eruptive history of the Cinder Cone magmas. The distinct com-
positional signatures of the two magma batches require them to be
isolated from each other. While the total erupted volume of the first
magma batch was small (~0.06 km?3), we suggest that it critically
established a connection between the surface and a deeper magma
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storage region. Magma withdrawal could have depressurized this
deeper region, and ultimately destabilized an adjacent vertically
extensive magma batch (Unit 3). In effect, we envision the initial
conduit as acting like a siphon, such that a lateral pressure gradi-
ent at depth drives the second, more explosive, eruption. A similar
pattern was seen at Paricutin, where arrival of a new magma batch
after the first month of eruptive activity and the changes in cone
architecture increased the explosivity and created the largest vol-
ume of tephra deposits (Pioli et al., 2008; Pioli et al., 2009). This
scenario is also consistent with the hypothesis that the explosiv-
ity of hydrous mafic magmas may be more a reflection of driving
pressure, which in part controls ascent rate, than of vesiculation
kinetics (Cashman and Giordano, 2014).

6.5. Mechanisms of crustal contamination and plumbing system
evolution

Although the contribution of crustal contamination to the com-
position of erupted magmas at Cinder Cone is clear, the mechanism
by which this contamination occurred is more difficult to decipher.
Determining how contamination occurred can provide constraints
on how the magmatic plumbing system evolved prior to and dur-
ing eruption. We suggest two main hypotheses may be used to
explain the contamination of the Cinder Cone magmas: 1) A shal-
low, strongly contaminated batch of magma, perhaps andesitic, was
mobilized by and mixed with new batches of magma coming from
depth, or 2) an initial batch of magma thermally pre-conditioned
the granite, creating a zone of crystal-rich rhyolitic mush that was
quickly incorporated into the rising new primitive magma batches.
In hypothesis (2), there is no intermediate magma.

The temporal evolution of the SiO, contents of the erupted
tephra (Clynne, 2011) show that for both main eruptive phases,
early magmas are more evolved (basaltic andesite to andesite), and
become progressively less evolved over time. These temporal pat-
terns in magma composition are similar to those observed during
eruptive episodes 2-47 of Pu’'u’O’o in Hawaii (Garcia et al., 1992;
Wallace and Anderson Jr, 1998), and may indicate that a shallow,
evolved magma batch was simultaneously mixed with and pushed
out of the conduit system by the ascending mafic magma, support-
ing hypothesis 1. Mineralogical or textural evidence for a distinct
or separate evolved magma batch, however, seems to be lack-
ing. Olivine xenocrysts with lower-Fo cores may be representative
of the shallowly stored evolved magma. However, some of these
xenocrystic olivine display low-Fo cores and high-Fo shoulders
(Costa and Dungan, 2005), as well as low-Ni cores, high-Ni shoul-

ders, and normally zoned rims, that indicate partial equilibration
with the primitive parental magma before crustal contamination
occurred (Fig. 12).

Two xenocrysts from transitional unit LCC-4 do not have high-
Fo rims, and have significantly lower Fo contents than the other
xenocrysts, and may be representative of the mixed magma
(Fig. 12). However, it seems likely that these crystals grew in the
contaminated magma during an eruptive pause: first, they are only
observed in the transitional unit, LCC-4 and second, these samples
also show abundant microlite crystallization indicative of tempo-
rary shallow magma storage (Marks, 2012). In addition, although
none of the analyzed MI have low-Fo olivine hosts, we did not ana-
lyze olivine crystals smaller than 250 wm in diameter; there could
be a population of low-Fo olivine derived from the contaminated
magma in this size fraction.

Strong support for hypothesis (2) lies in the observation that
both lava and bulk tephra compositions fall on mixing trajectories
between the granitic material and the two parental magma batches.
If, for example, magma batch 2 evolved as the result of mixing with
the first batch of contaminated erupted magma, one would expect
mixing trajectories between magma batch 2 and the contaminated
magma of early erupted units, which is not observed.

Using the combined observations presented above, we suggest
the following model for plumbing system evolution at Cinder Cone.
First, one or several intrusions of batch 2 magma enter the middle
crust and form a set of small sills, which may be partially inte-
grated, over a range of depths. In a manner analogous to the model
proposed for Burnt Lava Flow (Medicine Lake, CA), which involves
the separation of heat and mass transfer (Grove et al., 1988), the
crustal sills quench on their margins, and become mechanically
separated from the surrounding granitic basement. However, the
sills may transfer heat to the surrounding granitic wall rocks; this
allows variable degrees of melting, assimilation and contamination,
as seen in the MI with contaminated compositions and lower trap-
ping pressures. Some of the low Fo, unzoned xenocrysts (Fig. 12)
may be sourced from various parts of this sill complex.

We suggest that batch 1 magma probably ascended to the pre-
eruptive storage region shortly after the formation of batch 2. Most
of batch 1 magma probably stalled when it interacted with the par-
tially melted granite, mixing and developing zoned rims. That batch
1 magma did not interact directly with batch 2 magma is indicated
by the absence of evidence for mixing. After mixing and at least
partial equilibration, it appears that the shallow part of the system
became destabilized and eventually erupted, with the most heav-
ily contaminated magma erupting first. The diffusion data suggest
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that this process occurred over less than one year, well within the
timescales often observed for pre-eruptive volcanic unrest. As a
result, the batch 2 sills also become destabilized, causing them to
ascend, interact with heated and partially molten granite, devel-
oping lower Fo rims, and finally erupt in a similar manner to the
previously erupted batch 1 magmas.

Although Unit 1 tephra was not sampled in this study, previous
work suggests that the Unit 1 eruptive cycle is similar to the others
(Unit 2 and 3), but much less voluminous (Heiken, 1978). Thus, this
initial magma batch may have served as the trigger for the two main
two eruptive cycles, which progressed as described above.

7. Conclusions

The eruption of Cinder Cone produced a series of tephra deposits
and lava flows that display complex changes in chemistry over
the course of the eruption. High-Fo olivine phenocrysts from all
erupted units contain MI that are more primitive in composition
than the erupted material. The evolved compositions of the lava
and bulk tephra and the abundance of quartz xenocrysts within
the deposits suggest the parental magmas were contaminated by
granitic material in the middle to upper crust. The basaltic parental
magmas sampled by the MI crystallized at minimum depths of
~2.4-4.8 kbar, which equates to approximately 9-18 km below
the surface. Distinct compositional variability between early and
late erupted units suggest two different mantle-derived basaltic
magmas were tapped during the eruption. These two basaltic com-
positions correlate with the two main explosive phases of the
eruption, and were separated by an eruptive slowing or pause
evidenced by textural analyses of tephra clasts (Marks, 2012). Dif-
fusion modeling of Ni and Fe-Mg exchange gradients in olivine rims
suggests that olivine residence times in an evolving magma were
less than years, similar to those calculated for longer-lived sco-
ria cone eruptions, such as Jorullo in Mexico. Temporal changes in
lava and bulk tephra compositions indicate that the granitic mate-
rial was heterogeneously incorporated after olivine growth and MI
entrapment. Although the geochemical evidence suggests that the
parental magmas were contaminated by either a shallowly stored
evolved magma or a granitic mush, the exact mechanisms that
drove crustal contamination of the Cinder Cone magmas remain
enigmatic. Our combined results provide new insight into the com-
plexities of short-lived monogenetic eruptions.
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