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Abstract

The generation of felsic melts (through open or closed system processes) within ocean island volcanoes has been
a key area of study since their identification. At Ascension Island in the south Atlantic, explosively erupted fel-
sic melts have, to date, demonstrated a marked absence of signs of magma mixing and crustal assimilation. Here
we present the first observations of a fall deposit from Ascension Island recording both macro- and micro-scale
evidence for magma mingling. Geochemical analyses of mineral and glass phases, coupled with volatile concen-
trations of melt inclusions highlight the role of lower-crustal partial melting to produce rhyolitic magmas. Glass
textures and the lack of zoning in major mineral phases indicate that mingling with a mafic melt occurred shortly
prior to eruption. These inferences of a deep rhyolite production zone, coupled with rapid ascent rates highlight
the challenges in forecasting a similar style of eruption at Ascension Island in the future.
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1 Introduction

The evolution and eruption of felsic magmas has been
a focus of significant research for many years [e.g.
Carmichael 1964; Hildreth 1981; Smith and Bailey
1966]. Felsic melt generation at ocean island volca-
noes, that are unrelated to plate tectonic boundaries,
are important locations for study because they form
and evolve felsic melts within thin ocean crust [e.g.
Ablay et al. 1998; Bohrson and Reid 1995; Carley et al.
2011; Carracedo et al. 2007; Geist et al. 1995; Geist et
al. 1988; Harpp and White 2001; Koppers 2005; Mac-
donald et al. 1987; Mancini et al. 2015]. The dominant
composition of melts erupted in these settings, and the
volumes of melt produced, can vary greatly. For ex-
ample, Hawaiian volcanism is dominantly basaltic with
only minor trachytic compositions [Frey et al. 1990;
MacDonald and Katsura 1964] with a shield-stage ver-
tical accumulation rate of 8.6 km Myr´1 for Mauna Kea
[e.g. Sharp and Renne 2005]. By contrast, the Canary Is-
lands have erupted significantly higher proportions of
felsic melts [e.g. Ablay et al. 1998; Schmincke 1976] but
have lower vertical accumulation rates: 0.6 km Myr´1

for La Gomera [Paris et al. 2005]. Lower-flux ocean is-
lands produce larger proportions of felsic melts [e.g.
Brenna et al. 2015; Chamberlain et al. 2019; Jeffery
*Corresponding author: k.chamberlain@derby.ac.uk

and Gertisser 2018]. These felsic melts commonly have
higher water concentrations and melt viscosities and
have a greater potential for hazardous explosive activ-
ity affecting areas distal even to the vent. Understand-
ing the genesis and eruption triggering mechanisms for
felsic melts therefore presents an important challenge
for hazard assessment.

Ascension Island is an example of a lower mag-
matic flux ocean island [Minshull et al. 2010]. Previ-
ous work suggests that the majority of its felsic melts
are produced through closed-system crystal fraction-
ation [Chamberlain et al. 2019; Chamberlain et al.
2016]. However, a recently discovered mingled fall de-
posit cannot be explained by simple crystal fraction-
ation alone. This deposit provides exceptional evi-
dence for magma mingling prior to eruption. Magma
mixing (chemical equilibration) and mingling (physical
mixing of two magmas of distinct viscosities) are pro-
cesses capable of triggering eruptions [e.g. Leonard et
al. 2002; Morgavi et al. 2017; Nakamura 1995; Sparks
et al. 1977]. The identification of this mingled fall de-
posit allows new insights to be generated into the na-
ture of the magmatic plumbing system and the origin
of evolved melts at Ascension Island, and importantly,
the timescales of magma transfer and mingling prior to
eruption.

Here we present detailed field observations, whole
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rock chemistry, and petrographic data from the min-
gled fall deposit from Ascension Island. These data
highlight the bimodal composition of the juvenile ma-
terial and reveal evidence for magma mingling pre-
served on a macro- and microscopic scale. These ob-
servations, coupled with melt inclusion volatile data,
identify the role of magma mingling in triggering the
eruption of the rhyolite. This rhyolite was itself pro-
duced at depths close to the Moho, with implications
for ascent rate of magmas during future eruptions at
Ascension Island, and other low flux ocean islands.

2 Magmatism at Ascension Island

Ascension Island is an ocean island volcano located at
7° 56’ S; 14° 2’ W, within 100 km of the large tectonic
structures of both the Mid Atlantic Ridge (MAR) and
the Ascension Fracture Zone (AFZ) (Figure 1). It has
a resident population of around 800 people. Volcan-
ism began 5–6 Ma [Klingelhöfer et al. 2001; Minshull et
al. 2010], but subaerial volcanism began only at ~1 Ma
(from Ar–Ar dating, [Jicha et al. 2013]). Recent studies
have shown that the island is still active, with the most
recent eruption dated to 0.51 ˘ 0.18 ka [Preece et al.
2018].

Ascension Island volcanism is the product of a tran-
sitional to mildly alkaline magmatic series of olivine
basalt – hawaiite – mugearite – benmoreite – trachyte
– rhyolite. Previous workers have hypothesised that
volcanism results from melting of an enriched mantle
component that passed across the MAR, and allowed
volcanism to continue off-axis [Paulick et al. 2010].
These melts are then modified by various degrees
of fractional crystallisation upon ascent, in discrete
magma storage zones, with minor amounts of mineral
accumulation from older plutonic bodies within the
upper crust [Chamberlain et al. 2019; Chamberlain et
al. 2016; Kar et al. 1998] to produce the wide com-
positional range of erupted products at Ascension Is-
land (between 47 and 72 wt. % SiO2 [Chamberlain et
al. 2019]). Whilst there is evidence for periodic stalling
and minor assimilation of crustal material to generate
more evolved compositions, there has been little evi-
dence for interaction between different magmatic types
in any of the Ascension Island rocks [Chamberlain et al.
2019; Chamberlain et al. 2016].

3 The mingled fall deposit

More than 70 explosive eruptions of felsic magma have
occurred in the ~1 Myr subaerial history of Ascension
Island, but, to date, only one preserves macroscopic ev-
idence of magma mixing in juvenile clasts. This min-
gled fall deposit outcrops in a few localities in the older
central felsic complex. It has a maximum thickness of
1.5 m. It has complex internal stratigraphy (Figure 2)
that includes both lithic clast-dominated units (L1A

and L1B: variably present; up to 26 cm thick, com-
bined), pumice-dominated units (L2: between 13 cm
and 70 cm thick) and scoria-dominated units (L3: 36
cm to 127 cm thick; top rarely preserved), which hint
at complex magmatic and eruptive processes. It is gen-
erally moderately sorted, though this varies through-
out the unit, and between localities, perhaps reflecting
proximity to the vent (of unknown location). Only one
complete section through the mingled fall deposit has
been found (Figure 2) in which all eruptive subunits
are present. In many cases the ashy base (A) and L1
subunits are not present (Figure 2).

At some localities the first subunit is a white ash-rich
layer (subunit A), 1–10 cm thick, with a planar or un-
dulatory top. This overlies different units dependent
on the location, but commonly it overlies reworked
pumice deposits. There is no evidence for a time break
(e.g. a palaeosol or erosion surface) between subunit A
and the lithic clast-dominated layer above it (L1). Sub-
unit L1A is a well-sorted, dense, scoria fall deposit, that
coarsens upwards from ~1 mm to ~3 mm grainsize,
(Figure 2). Scoria clasts are sub-rounded and poorly
vesicular. Lithic clasts are ~25 % by total volume and
are dense black mafic lavas, their oxidised equivalents,
and minor trachyte lava. A ~5 mm-thick layer of fine-
grained mafic ash cap tops this subunit. Subunit L1B is
moderately well sorted, coarsens upwards from ~3 mm
to ~10 mm (Figure 2). Lithic clasts are ~25 % by volume
of the subunit, and are dense mafic lavas, coarsely crys-
talline plutonic clasts (dominantly syenitic) and rare
pink rhyolite lava (hereafter all percentages refer to
percent by volume on a total volume (i.e. not DRE)
basis). The grey mafic scoria is still dense, with lim-
ited visible vesicularity. The L1/L2A boundary marks
the appearance of highly vesicular white pumice and
denser light grey pumice. At the base of L2A clasts of
dense grey scoria dominate (~65 % of the volume of the
deposit) with subordinate grey pumice (~20 %), white
pumice (~10 %) and lithic clasts (~5 %). This changes
gradationally through the unit where the top of L2A
is dominated by the white pumice (60 % by volume)
with subordinate dense grey scoria (18 %), grey pumice
(12 %), and lithic clasts (10 %) at the top of L2A. Most
pumice clasts contain small mafic blebs or exhibit mix-
ing textures between scoria- and pumice-looking mate-
rial (Figure 3A). The pumice clasts contain phenocrysts
of feldspar and pyroxene up to 1.5 mm in diameter
and account for ~10 % by volume (including vesicles)
of the pumice clasts. A decrease in clast size marks
the boundary between subunits L2A and L2B. L2B con-
tains only rare grey pumice and consists dominantly of
highly vesicular pumice clasts, with minor dense scoria
at the base. L2B coarsens upwards and is moderately
well-sorted. Lithic clasts account for ~10 % of the vol-
ume of this subunit and are dense mafic lavas (oxidised
and unoxidised). At the top of L2B a new highly vesicu-
lar scoria clast type appears and accounts for ~10 % of
the volume of the subunit at the top of L2B. The bound-
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Figure 1: Geological map of Ascension Island adapted from Chamberlain et al. [2019] showing the location of
the mingled fall deposit (yellow stars). Numbers in yellow relate to deposit thickness in cm. Inset shows the location
of Ascension relative to the Ascension Fracture Zone (AFZ) and the Boca Verde Fracture Zone (BVFZ).

ary between L2B and L3 is diffuse over ~2 cm. L3 is
a scoria fall deposit composed (by volume) of ~75 %
highly vesicular black scoria (Figure 3B), 10 % white
pumices with macroscopic mixing textures and 15 %
lithic clasts. L3 is characterised by the appearance of
large plutonic lithic clasts (of syenitic to granitic com-
position), commonly coated in mafic volcanic rock, and
significantly larger in size than the juvenile scoria clasts
(Figure 3C). These lithic clasts help to distinguish this
eruptive deposit from other units on the island. Other
lithic clasts present include dense mafic lavas (oxidised
and unoxidised) and rare pink rhyolitic lava.

4 Methods

Bulk samples were collected at the two key strati-
graphic intervals, at two locations, that represent the
scoria and pumice end-members clast types in the min-
gled fall deposit (units L2B and L3; Figure 2). Sam-
ples were sieved to >8 mm or >16 mm as appropri-
ate, to leave more than fifty juvenile clasts in each bulk
sample. Clasts were picked by hand, separated, and
cleaned by removing adhering matrix or oxidised rinds
by hand followed by soaking in frequently changed
milli-RO water for a minimum of one week. Samples
were then dried thoroughly at 60 °C prior to crushing.

An aliquot of the sample was selected to mill for whole
rock X-ray fluorescence (XRF) analysis at the University
of East Anglia (UEA) using a Brucker-AXS S4 Pioneer.
The remaining majority of the sample was bulk crushed
by hand, before being sieved into various size fractions
(<2 mm). Minerals and glass separates were hand-
picked from the 0.5–1 mm size fraction, mounted into
low-activity epoxy discs, and polished to expose melt
inclusions and mineral cores. Melt inclusion-bearing
minerals were imaged using reflected light microscopy
prior to analysis. Following the method of Humphreys
et al. [2006a] for melt inclusion analyses, secondary ion
mass spectrometry (SIMS) measurements of selected
volatile and trace elements were made prior to mea-
surement of other major and trace elements by electron
probe microanalysis (EPMA) and laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICPMS).

Mounts of melt-inclusion bearing minerals were
gold-coated and analysed using SIMS for isotopes of
volatile (H and C) and key trace elements (Li, Be, B,
F, Mg, Si, S, Cl, Rb, Sr, Zr, Nb, Ba) using a Cameca
ims-1270 ion microprobe at the NERC Ion Microprobe
Facility at the University of Edinburgh (UK). During
analysis, the primary beam was rastered for 120 sec-
onds over an area of about 35 ˆ 45 µm prior to first
data acquisition to remove the gold coat and any pos-
sible surface contamination. Secondary ions were then
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Figure 2: The mingled fall deposit of Ascension Island. Sample locations shown by the red arrows, and subunits
labelled as A, L1A, L1B, L2A, L2B, L3. Tape measure is extended to 20 cm for scale.

Figure 3: Clasts of the mingled fall deposit. [A] Mingled felsic clasts from subunit L2B; [B] Mingled scoria clasts
from L3; [C] Mafic volcanic rock-coated plutonic clast from subunit L3. Tape measure shows distances in inches
(top) and centimetres (base).

sputtered from melt inclusions with a 5–6 nA primary
16O2

´ beam focused to a ~25 ˆ 35 µm spot. The area
analysed was reduced using a (field) aperture to accept
only the central 20 µm2 of the bombarded area. Anal-
yses were done in two parts; initially volatiles H, C, F,
S, and Cl (plus Si) followed by traces Li, Be, B, Rb, Sr,
Zr, Nb and Ba (plus majors Mg and Si) in the same
hole. The mass resolution employed (M/ΔM>2500)

was sufficient to fully resolve 12C` from 24Mg2`, and
32S` from 16O2

`. Standards used were NIST SRM610,
StHS6/80-G, T1-G, and Lipari obsidian using preferred
values from GeoReM [see Jochum et al. 2005] for trace
elements, and Lipari glasses for H2O [Mangan and Sis-
son 2000] with a 20 % correction to higher values [Sis-
son, pers. comm.], RB497 for CO2 [Brooker et al. 1999],
NIST SRM610 for S, and Lipari (from GeoReM), and
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USGS A and T glasses for halogens, respectively.
In situ major element analyses were obtained by

EPMA using a CAMECA SX100 at Edinburgh Univer-
sity using wavelength-dispersive spectrometry. Beam
size varied between 1 and 5 µm depending on the ele-
ment being analysed. Only glass analyses with totals of
<93 wt. % were excluded, due to their known high wa-
ter concentration; values for the remaining glass anal-
yses were then normalised to 100 %. Prior to analysis,
back-scattered electron (BSE) images were taken of all
melt inclusions and mineral phases to identify zoning
patterns and locate analytical spots. This was carried
out at UEA using a JEOL JSM 5900LV scanning electron
microscope (SEM). Trace element analyses of mineral
phases and matrix glass were obtained at the Univer-
sity of Durham using a New Wave deep UV laser (193
nm solid state) coupled to an X-series 2 ICPMS. Analy-
ses were run using a 35 µm spot. The LA-ICPMS data
were internally normalized to 29Si or 43Ca from EPMA
analyses. Abundances of single trace elements were
calculated relative to a bracketing standard (NIST 612),
which was analysed throughout the run under identical
conditions. Precision and accuracies varied depending
on the analytical conditions but generally have <10 %
(2 s.d.) uncertainties (see Figures 5, 6 and 7 for uncer-
tainties).

5 Results

5.1 Whole rock data and petrography

Whole rock compositions of the scoria and pumice
clasts from unit L2A and L3 are clearly bimodal (Fig-
ure 4). The scoria is trachy-basaltic in composition and
the pumice is trachytic. Whilst every care was taken to
separate end members of non-mingled pumice and sco-
ria sub-millimetric-scale mingling textures observed in
BSE images suggest that this is unlikely to have been
completely successful (Figure 5). Scoria material is en-
riched in TiO2, Al2O3, MgO, Fe2O3, CaO, P2O5, Ba, Sr,
Sc and V relative to the pumice material. Pumice clasts
are in turn enriched in SiO2, K2O, Rb, Th, Nb, La, Ce,
Zr, Y and Zn relative to scoria clasts.

Texturally, the pumice clasts have a glassy ground-
mass, with well-developed vesicles on a scale of 10s
to 100s of µm (Figure 5A). Crystallinity is ~10 % with
common phases (<2 mm) being alkali feldspar, quartz,
clinopyroxene and fayalitic olivine (in decreasing or-
der of abundance). Minor FeTi-oxides and zircon are
present as inclusions within minerals. All mineral
phases are euhedral, with no evidence of resorption
(see Supplementary Material). Scoria clasts are phe-
nocryst poor (<5 % crystals) with a microcrystalline
groundmass composed of feldspar, clinopyroxene and
Fe-Ti–oxides. Scoria clasts have larger vesicles than
the pumice (mm-scale). Distinct inclusions of felsic
glass occur in the scoria glass shards, with contacts be-

Figure 4: Total alkalis-silica plot [after Le Bas et al.
1992]. Grey field represents previously collected As-
cension Island whole rock compositions from Weaver
et al. [1996], Jicha et al. [2013] and Chamberlain et al.
[2019]. XRF whole rock analyses as squares, EPMA ma-
trix glass as diamonds, and EPMA melt inclusions as
triangles.

tween the two textural components retaining their in-
terfingered characteristics (Figure 5B, 5C). Phenocrysts,
here used to refer to minerals larger than the ground-
mass, and with no adhering felsic glass, are feldspar
and clinopyroxene with minor forsteritic olivine and
FeTi-oxides. Felsic glass-coated quartz, fayalitic olivine
and ternary feldspars are also present, with contacts be-
tween mineral, felsic glass and mafic glass visible in
BSE imagery (Figure 5D). All minerals retain a euhe-
dral appearance, irrespective of the composition of the
glass selvedge on the mineral face. Intermediate com-
position ternary feldspars have faint complex zoning.

5.2 Crystal cargo compositions

Feldspars in the pumice clasts are anorthoclase
(~An<1Ab63Or37) in composition with relatively re-
stricted ranges. There is no significant difference in
major or trace element compositions between mineral
cores and rims, and zoning was not observed in BSE
images (Figure 6A). Feldspars in the scoria clasts have
a much larger range in composition, from anortho-
clase An<1Ab63Or37 to labradoritic ~An62Ab37Or1
(Figure 6A), but still show no systematic difference be-
tween core and rim compositions, and no systematic
zoning. Trace element concentrations of Ti, Zn, Sr, Ba,
Eu, Pb are lower and restricted in the pumice-hosted
feldspars, and variable to higher concentrations in the
scoria-hosted feldspars (see Supplementary Material).

Clinopyroxene is the dominant mafic mineral phase
in the mingled fall deposit: in pumice clasts this is Na-
rich with higher concentrations of Sc, Zn, Sr, Zr, Y and
all REE, whereas in scoria samples these are more Na-
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Figure 5: Representative BSE images of mineral and glass textures from the mingled fall deposit. [A] Mixed clast
showing the contact between the darker grey, vesicular felsic glass (F) and the microcrystalline mafic glass (M),
scale bar is 100 µm in length; [B, C] Contact between felsic glass (F) and mafic microcrystalline glass (M) preserv-
ing fine scale structures along the interface of the two different glasses, scale bar is 10 µm in length; [D] ‘mafic’
feldspar mineral from the scoria material showing a felsic glass selvedge (F) in contact with the microcrystalline
mafic glass (M), scale bar is 100 µm in length. Contact between feldspar and felsic glass shown by dashed line.

poor (Figure 6B) with higher concentrations of Ti and
Co (Electronic Appendix). Fayalitic (Fa96-97) olivine is
present in the pumice clasts, whereas forsteritic olivine
(Fa47-54) are identified in scoria clasts. None of the
mafic phases exhibit variations between core and rim
compositions (Figure 6B, Supplementary Material).

5.3 Glass compositions

Matrix glass compositions, determined by EPMA, from
bulk pumice sample of L2B are rhyolitic with between
72.5 and 77.4 wt. % SiO2 (Figure 4). Clinopyroxene-
and fayalite-hosted melt inclusions from the pumice
sample are rhyolitic and indistinguishable in compo-
sition from the matrix glass in terms of major elements
(Figure 4). Analyses of the scoria glass were not pos-
sible due to its microcrystalline nature. Microlite-free
glass selvedges of minerals hosted in the scoria are all

rhyolitic and represent the physical mingling of both
minerals and glass into the scoria material (see Fig-
ure 5D). Melt inclusion compositions from clinopy-
roxene and FeTi oxides found within the scoria bulk
sample of unit L3 are less-evolved than the pumice
melt inclusions, yet still evolved when compared with
their host whole rock composition (Figure 4), with SiO2
between 62.5 and 69.5 wt. %. The minerals hosting
these melt inclusions lack a clear scoria glass selvedge,
and are instead surrounded by vesiculated and glassy
selvedges, that appear more akin to the pumice glass.
These melt inclusion analyses are therefore not con-
sidered representative of the mafic glass end-member,
rather a third (trachytic) melt. When trace elements
are considered, higher silica glasses (both matrix and
melt inclusion glass) have higher concentrations of Zr
and Rb and lower concentrations of Ti, Sr and Ba (Fig-
ure 7A, 7C) than in the lower silica glasses.
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Figure 6: Selected major and trace element data from
feldspars [A] and clinopyroxenes [B]. Core analyses are
filled symbols, rim analyses are open symbols. Crystals
from pumice clasts are in blue, minerals from scoria
clasts are in red. Black cross shows the 2 sigma uncer-
tainty on analyses [B], uncertainty on feldspar analyses
is less than the size of the symbol used.

Volatile concentrations in all melt inclusions from
the pumice and scoria samples yield H2O concentra-
tions between 2.13 and 8.28 wt. %, and CO2 between
the detectable limit and 870 ppm. (Figure 7E). Scoria-
hosted melt inclusions have H2O concentrations be-
tween 2.13 and 6.04 wt. % and CO2 between 263 and
830 ppm. Pumice-hosted melt inclusions have H2O
concentrations between 3.89 and 8.28 wt. % and CO2
between 21 and 870 ppm. Water and carbon dioxide
concentrations are not coupled with trace element vari-
ations, and thus are interpreted to represent varying
degrees of volatile loss. Melt inclusions are only ob-
served in a 2D plane, and their connectedness to the
crystal rim could not be assessed. Fluorine concentra-
tions vary between 1300 and 4770 ppm, chlorine con-
centrations range between 2590 and 4940 ppm (Fig-
ure 7B), with higher F and Cl concentrations in the tra-
chytic glass (only found as melt inclusions). Both F
and Cl show positive correlations with Zr, Rb and Nb

(Figure 7D). To account for post entrapment crystalli-
sation (PEC) melt inclusions and host minerals were
tested for equilibrium using the formula of Putirka
[2008]. Where Kdcpx-liq Fe-Mg fell outside of the speci-
fied 0.28 ˘ 0.08 value, proportions of the host mineral
were added until this range was achieved. For all inclu-
sions where major element analyses were available for
both inclusion and host mineral this represented ď3 %
PEC, supported by the absence of shrinkage bubbles in
the melt inclusions. To account for the impact of PEC
on volatile concentrations, revised concentrations have
been calculated by adding the composition of the (an-
hydrous) host mineral to the melt inclusion. For those
inclusions where major element data were not obtained
an average uncertainty of ˘ 0.1 wt% H2O and ˘ 5 ppm
CO2 can be assumed with potential PEC.

6 Magmatic variables

Many minerals are not in apparent equilibrium with
the whole rock or matrix glass compositions they have
been erupted with, limiting the applicability of thermo-
barometry. Limited coexisting Fe-Ti oxide pairs in equi-
librium (following the test of Bacon and Hirschmann
[1988]) were found. These came from minerals found
in the mafic-dominant material, and yielded tempera-
tures between 860 °C and 930 °C, with fO2 of ´0.75
and `0.2 log units relative to the Nickel-Nickel Ox-
ide (NNO) buffer, using the calibration of Ghiorso and
Evans [2008]. This is comparable with the oxygen fu-
gacities obtained for other eruptions from Ascension
Island [Chamberlain et al. 2019].

In order to use melt inclusion volatile concentrations
to yield entrapment pressures, a temperature must be
assumed. Based on our Fe-Ti oxide thermometry and
the thermometry of Chamberlain et al. [2019] we use
900 °C for the melt inclusions hosted in minerals found
within the scoria material, and 800 °C for pumice ma-
terial (where no equilibrium oxides were found, based
on data from other Ascension Island samples [Cham-
berlain et al. 2019]). Whilst entrapment pressures are
affected by temperatures, a change in 50 °C results in
~15 MPa difference, equivalent to a depth uncertainty
of 0.5 km. Entrapment pressures were calculated us-
ing the MagmaSat application developed from Ghiorso
and Gualda [2015] that utilises both volatile concen-
trations and major element composition of the melt in-
clusion. Given the potential for connectivity between
a ‘trapped’ inclusion and the mineral face in the third
dimension, the maximum modelled entrapment pres-
sures are considered to reflect true entrapment pres-
sures. For both the scoria- and pumice-hosted melt
inclusions this is modelled to be 330 MPa (Figure 7F).
This pressure corresponds to a depth of ~11 km. This
depth—within the lowermost oceanic crust—is 1 km
above the identified seismic Moho at 12 km [Klingel-
höfer et al. 2001].
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Figure 7: [A]–[E] Compositional variation in major, trace and volatile elements in melt inclusions from the min-
gled fall deposit; [F] Histogram of modelled entrapment pressures in MPa from all melt inclusions, modelled
using the MagmaSat application of Ghiorso and Gualda [2015].

7 Discussion

7.1 Generation of heterogeneous melts

Previous studies have examined the origin of the mafic
magmas at Ascension (see Paulick et al. [2010] for iso-
topic data regarding the formation of Ascension Is-
land separate to Mid Atlantic Ridge volcanism), and
how these mafic magmas differentiate into more felsic-
compositions via closed-system fractional crystallisa-
tion [e.g. Chamberlain et al. 2019; Jicha et al. 2013; Kar
et al. 1998]. However, the mingled fall deposit demon-

strates that multiple melt batches can be erupted syn-
chronously at Ascension, characteristic of open-system
behaviour. In light of the new evidence from the min-
gled fall deposit, we use the glass and mineral data to
re-examine the possible influence of open-system pro-
cesses on the genesis of heterogeneous melt batches at
Ascension. Major and trace element glass composi-
tions define two clear compositional groups (Figures 4
and 7A), which are rhyolitic and trachytic (Figure 7).
Neither of these melts is characteristic of the micro-
crystalline mafic melt, which could not be geochemi-
cally finger-printed here (Figure 5B). Interestingly the
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mineral cargo of the scoria end-member shows a range
in compositions (Figure 6A), indicative of multiple
sources of the phenocrysts erupted in the more mafic
component. Using the equilibrium model of Panja-
sawatwong et al. [1995] for plagioclase feldspars, only
the labradoritic feldspars are in equilibrium with the
trachy-basaltic whole rock composition (hand-picked
to minimise degree of mingling present in the sam-
ple). Similarly, only the high Mg# (>55) clinopyroxenes
are in Fe-Mg equilibrium with the trachy-basalt (using
the method of Smith et al. [2010]). All other (more-
evolved) mineral phases found within the scoria clasts
are inferred to be late-stage mechanically incorporated
minerals (due to the lack of a well-developed over-
growth rim: Figure 6), some of which retain their host
melt selvedge (Figure 5D). Less mineral incorporation
has apparently occurred within the felsic clasts, likely
due to its higher viscosity, with the quartz, anorthoclase
feldspar, fayalite (Mg#2–4) and low Mg# (<15) clinopy-
roxene being in equilibrium with their erupted glass
compositions (Figure 6; using the method of Smith et
al. [2010]). The accumulation of ante- or xenocrysts
within the melt is further evidenced by the presence
of cognate but magma-coated plutonic enclaves within
the deposit (Figure 3C), which are more dominant in
the later, scoria subunit L3 (Figure 2).

Given the previously published evidence for the
importance of extensive crystallisation producing the
evolved melts at Ascension Island [e.g. Chamberlain et
al. 2019; Jicha et al. 2013] we first test the possibility
that the rhyolitic end-member composition measured
in glass selvedges and melt inclusions (Figure 4) was
produced by simple closed-system isobaric equilibrium
crystallisation. The Rhyolite-MELTS model of Gualda
and Ghiorso [2015] was applied using a starting com-
position of the mafic end-member from Chamberlain et
al. [2019] and a pressure of 330 MPa based on our melt
inclusion maximum entrapment pressures (Figure 7).
Modelling results show that even extensive crystallisa-
tion at 330MPa cannot reproduce the rhyolitic compo-
sitions trapped in the minerals (pressures less than 250
MPa are apparently required to evolve to rhyolitic com-
positions, Chamberlain et al. [2019]). Instead we con-
sider an alternative method for producing the rhyolitic
melt.

Many authors have invoked partial melting of lower-
crustal material to produce felsic melts [e.g. Angelo
2013; Hildreth 1981; Kimura 2002; Sigurdsson 1977].
The high entrapment pressure of melt inclusions that
are known to have formed within rhyolite melt due to
their rhyolitic selvedges, suggest that melting of lower
crustal cumulates could be a source of the rhyolite.
Accordingly we performed trace element batch partial
melting following the method of Shaw [1970] using var-
ious mineralogies of Ascension plutonic gabbros as de-
scribed by Harris [1983]. However available data does
not account for minor phases (not quantified in the
work of by Harris [1983]). Subsequently, none of the

proposed starting points can well reproduce key trace
element ratios of the rhyolite, with the closest values
being obtained by moderate degrees of partial melt-
ing of olivine-rich gabbros (~10 %). Further work us-
ing radiogenic and oxygen isotopes [c.f. Gurenko et al.
2015] would allow a more reliable test of the role of
partial melting in producing the rhyolites, but MELTS
modelling [Chamberlain et al. 2019] has revealed that
closed-system fractionation alone cannot produce the
water-rich rhyolite melt; therefore we view partial melt-
ing of gabbroic cumulates as the most likely process of
generating the rhyolite melt observed in the mingled
fall deposit.

Ocean island volcanoes are generally built on thin-
ner and more dense crust than most subduction volca-
noes, yet our identification of a lower crustal hot-zone
[c.f. Annen et al. 2006] with evolved melts at depths
close to the Moho (Figure 7F) suggests that many sim-
ilarities can exist across tectonic settings [e.g. Guo et
al. 2007; Humphreys et al. 2006b; Johnson et al. 2008].
Ascension Island is a low-flux ocean island [Minshull
et al. 2010] and would appear to be a less-likely can-
didate for lower-crustal melting due to its lower input
rates of lower-crustal basalt [Annen et al. 2006]. Yet
whilst the production of evolved melts at Ascension Is-
land is dominated by fractional crystallisation [Cham-
berlain et al. 2019; Jicha et al. 2013], the recognition of
partial melting in the lower crust to generate water-rich
rhyolite in the mingled fall deposit highlights the diver-
sity in felsic melt generation processes, even at a nested
and mainly closed-system magmatic plumbing systems
[Chamberlain et al. 2019], which include those more as-
sociated with higher-flux ocean island volcanoes [e.g.
Bohrson and Reid 1998; Lacasse et al. 2007; Sigurdsson
1977].

7.2 Timing of mingling event

Key to understanding future unrest timescales at active
volcanic centres such as Ascension Island [c.f. Preece et
al. 2018] is the quantification of timescales of magmatic
processes occurring prior to eruption. Processes identi-
fied in previous volcanic eruptions could then provide
crucial context when monitoring future periods of vol-
canic unrest. The timing of magma mingling prior to
eruption of the mingled fall deposit can be elucidated
from zoning (or lack of) within minerals [e.g. Cham-
berlain et al. 2014; Morgan et al. 2004], and the struc-
tures preserved in mafic-felsic glass contacts [e.g. Mon-
tagna et al. 2015; Perugini et al. 2015; Perugini et al.
2010]. Mineral phases lack clear overgrowth patterns
that would be expected if magma mingling occurred
within weeks to days of eruption (Figure 5, c.f. Hartley
et al. [2016]; Singer et al. [2016]; Petrone et al. [2018]).
Therefore, either mingling of magmas has occurred sig-
nificantly long enough prior to eruption for chemical
diffusion to equilibrate across entire mineral grains or
so shortly prior to eruption that it is not recorded in
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the mineral phases. Glass contacts between mafic and
felsic glass preserves clear magma mingling structures
(Figure 5) on a micron scale. Whilst no direct experi-
mental constraints exist for the compositional contrast
observed in this deposit, experiments on alkaline melts
similar to the evolved compositions present at Ascen-
sion suggest that the glass textures observed in mingled
fall deposit could reflect timescales of magma mingling
on the order of hours to days before eruption [Perugini
et al. 2010]. Given the similarity between the struc-
ture preserved in clasts in the mingled fall deposit and
the numerical simulation of magma mingling of Mon-
tagna et al. [2015] we suggest that a timescale on the
order of hours is most appropriate in this case. Using
our modelled entrapment depth of 11 km, this gives av-
erage ascent rates on the order of 0.13 ms´1 (for min-
gling timescales of 24 hours prior to eruption) compa-
rable with estimates for ascent rate for vulcanian erup-
tions from Sakurajima [Miwa et al. 2009]. The poten-
tially short timescales of magma mingling prior to as-
cent suggest that further work is needed to understand
viscosity constraints on magma mingling in these com-
positions of alkaline melts that contain high concentra-
tions of volatiles. The timescales of this mingling pro-
cess suggest that there may be little warning prior to a
similar eruption in the future.

7.3 Eruption mechanisms of the mingled fall deposit

The scarcity of outcrops of the mingled fall deposit on
the island (Figure 1) precludes the construction of iso-
pleth or isopach maps, and thus neither the eruptive
volumes nor vent location can be constrained. How-
ever, based on the observations detailed above (Sec-
tion 3) some inferences about the sequence of eruptive
activity can be drawn. Phase 1 of the eruption, repre-
sented by the ash of subunit A began with the explo-
sive, yet spatially constrained eruption of felsic mag-
mas (based on their light colour) and deposition of ul-
trafine, well-sorted ashy fall deposit, lacking any inter-
nal stratification. The contact between subunit A and
subunit L1 is mildly undulatory (on a 5 cm amplitude)
a result of variable thickness of the phase 1 deposits.
The nature of this contact suggests a time break on the
order of days to weeks before the deposition of subunit
L1 to allow wind erosion to occur. Crucially, weather-
ing was not observed, and vegetation traces were not
found in subunit A therefore a time break on the or-
der of weeks can be considered a maximum time break.
Phase 2, typified by the dense scoria subunit L1 with
two coarsening upwards beds, contains sparse juvenile
material, and is not present in every locality where the
mingled fall deposit is identified. This phase could rep-
resent phreatic or phreatomagmatic eruptions clearing
the vent, prior to the main magmatic phase of the erup-
tion. Given the limited spatial extent of subunit L1, this
is likely represents two phases of eruptive activity. The
magmatic phase of the eruption begins with Phase 3,

represented by subunits L2A and L2B both of which are
fall deposits from established eruption columns with
their moderately-well-sorted nature and angular clasts.
Subunits L2 and L3 are found in all localities that the
mingled fall has been identified, representing the es-
tablishment of a sustained eruption column that may
have been of subplinian proportions. Variation in juve-
nile material characteristics within subunit L2 is inter-
preted to represent varying vesiculation of the mingled
magma (which is dominantly felsic). Upwards coarsen-
ing could have resulted from waxing of the column or
from changes in wind direction. The presence of out-
sized (i.e. coarser than pumice material) lithic clasts
within unit L2 highlights the proximity to vent, as these
clasts must represent ballistic ejecta, rather than clas-
sic fall. Phase 4, the final phase of eruption is typi-
fied by the change in composition, rather than erup-
tion column dynamics, from a dominantly felsic to a
dominantly mafic magma being erupted. The transi-
tion from L2 to L3 is sharp and reflects the stratification
of magmas that was maintained on a large scale (with
fine scale mingling of individual glass batches).

7.4 Implications for future volcanic activity at Ascen-
sion Island

The mingled fall deposit, is a key marker unit within
Ascension Island stratigraphy, and would have covered
a large part of island in tephra, yet preservation and
exposure has limited the localities it is observed within
the field (Figure 1). The presence of oversize plutonic
lithic clasts in every location highlights that deposits
are all found within the ballistic ejecta zone, the ex-
tent of which would be controlled by many factors
such as elevation of the vent structure [Nurmawati and
Konstantinou 2018] which is as yet unidentified. The
probable-subplinian deposit shows no evidence for a
time break during eruption (Figure 2) thus the eruption
would be relatively short-lived. However, as evidenced
by the well-sorted coarse fall deposit (Figure 2) that
characterises the majority of the deposit it is likely to
have produced a sustained eruption column that would
significantly affect air travel to and from the island if a
similar event occurred in the future.

Melt inclusion entrapment pressures suggest deep
production and stalling (to allow the formation of the
melt inclusions within crystal phases) of the magmas
that fed the mingled fall deposit. The combination of
deep accumulation of melt with relatively small erup-
tive volumes suggests that traditional monitoring tech-
niques commonly used to infer accumulation of erup-
tive magma [e.g. Biggs and Pritchard 2017; Magee et
al. 2018; Sparks et al. 2012] will be unable to resolve a
similar low-volume accumulation of eruptible melt at
depth at Ascension. Use of multiple seismometers may
be able to trace deep pulses of magmatism [c.f. Bag-
nardi and Amelung 2012; Lengliné et al. 2016] that may
trigger partial melting of gabbroic material or mixing
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with rhyolitic melt already present at depth. The chal-
lenge will come in anticipating if increased seismicity
is related to magmatic intrusion, or an eruption trig-
gering event.

Measured water concentrations are very high in the
rhyolitic melt inclusions (up to 8 wt.% H2O) and de-
crease melt viscosity [Giordano et al. 2004], a key con-
trol of magma ascent rate [e.g. Caricchi et al. 2016; Pa-
pale et al. 1998], as well as providing a strong buoy-
ancy aid as ongoing volatile exsolution leads to bub-
ble growth. These melt inclusions reflect the highest
measured magmatic water concentrations for any As-
cension Island felsic magmas from melt inclusion anal-
ysis [Chamberlain et al. 2016], yet prior alkali feldspar-
melt hygrometry [Chamberlain et al. 2019; Mollo et al.
2015] suggest high (4.6–8.1 wt. %) water concentra-
tions of felsic Ascension Island magmas. Mingling of
two distinct magmas at contrasting temperatures has
been suggested to trigger bubble nucleation [Paredes-
Mariño et al. 2017] due to the reduced solubility of
water in felsic melts at higher temperatures. Thus,
pre-existing high water concentrations within the felsic
melts, combined with interaction with a hotter, more
mafic melt, will trigger rapid volatile exsolution and
provide an effective trigger for explosive eruptions at
Ascension Island. Should other mafic magmas en-
counter water-saturated felsic melts within the nested
magmatic plumbing system [Chamberlain et al. 2019]
a similarly explosive eruption could occur.

8 Conclusions

We present field observations and geochemical data on
a newly-identified mingled fall deposit on Ascension
Island that highlights the potential for open-system
processes at a low magmatic flux ocean island, and re-
veals similarities with other ocean islands such as Ice-
land and the Canaries where extensive evidence for
magma mixing is preserved in both glass and min-
eral textures [e.g. Sigmarsson et al. 2011; Sigurdsson
and Sparks 1981; Sliwinski et al. 2015; Wiesmaier et
al. 2011]. Mineral phases found within the mingled
fall deposit are from heterogeneous sources, with many
minerals within the scoria end-member apparently be-
ing mechanically incorporated during mingling.

Clinopyroxene- and fayalite-hosted melt inclusions
have high volatile concentrations (up to 8 wt.% H2O)
reflective of entrapment at the lower-most oceanic crust
at approximately 11 km depth. These melt inclusions
are rhyolitic and reflect deep generation of evolved
melts through partial melting of olivine-rich gabbroic
lithologies. This generation of felsic melt erupted with
the mingled fall deposit through partial melting is jux-
taposed with previous work which highlights the im-
portance of extensive crystallisation in generating the
majority of the felsic melts at Ascension Island [Cham-
berlain et al. 2019; Jicha et al. 2013; Kar et al. 1998].

Therefore, detailed study of multiple deposits is key to
unravel the complex and varied processes responsible
for melt evolution in small ocean island volcanoes, such
as Ascension Island.

Whilst the rhyolitic melt is water-rich, the eruption
of the mingled fall deposit was triggered by mingling
with a crystal-poor mafic melt. The mingling likely oc-
curred within 24 hours of eruption, as demonstrated
by the lack of zoning within mineral phases, and the
complex nature of mafic and felsic glass contacts. With
the nearest landmass of St Helena being >1,200 km
away, the short timescales between magma mingling
and eruption emphasises the importance of anticipat-
ing future eruptive activity at Ascension Island. The
deep storage of the mingled fall deposit rhyolite cou-
pled with the small-volume of felsic magma raises sig-
nificant challenges for forecasting similar activity at
Ascension Island in the future, and further work to de-
duce ascent rates of other erupted magmas should be
undertaken to better quantify risk to the resident pop-
ulation of Ascension.
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