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Abstract
Isolated ocean islands pose challenges for managing volcanic hazards because of their remote locations. Some, such as Ascen-
sion Island in the South Atlantic, have diverse hazards associated with variable magmatic compositions and eruptive styles, 
as evidenced by past volcanic deposits. In this context, zircon ages and compositions provide insights into the timing and 
nature of magma generation, storage, and eruption. Specifically, zircon crystallisation ages record magmatic cyclicity. This 
study examines zircon growth in a small ocean island context, focusing on juvenile volcanic pumice-scoria and plutonic clasts 
from the only known explosive deposit on island showing evidence of mingling between mafic and felsic magmas. Dating 
reveals a U-Th-Pb crystallisation age for the “Mingled Fall” juvenile components of 0.60 + 0.11/ − 0.17 Ma (MSWD = 0.92). 
However, recycling of rocks and crystals from older magmatic events, at ~ 0.9 Ma and ~ 1.3 Ma, is recorded in both volcanic 
deposits and plutonic clasts within these. Hafnium (εHf 2.75–13.77) and oxygen (δ18O 4.3–6.54‰) isotopic analyses point, 
respectively, to melting of a moderately enriched mantle source and pre-mingling assimilation of hydrothermally altered 
crustal rocks. These data support explosive eruption triggered by mingling of mantle-derived mafic magma with rhyolitic 
magma from partially melted gabbroic lower crust. Furthermore, varying zircon Ce and Eu anomalies indicate a transition 
in the magmatic system redox state from reducing to oxidising as crystallisation progressed. We also highlight the underex-
ploited potential of U-Th-Pb SHRIMP analysis to date zircon in young Quaternary volcanic rocks, providing a valuable tool 
for hazard assessment and monitoring.
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Introduction

Hazards related to ocean island volcanism include explosive 
and effusive eruptions, earthquakes, gases, landslides and 
tsunamis that pose a range of associated risks for vulnerable 

local populations. To mitigate the impacts of such hazards 
effectively, it is essential to understand the causes and evolu-
tion of past eruptions, to anticipate the style and composi-
tion of future events. However, despite an overall increase in 
analysis and interpretation of zircon ages and compositions 
in recent years, this mineral is still currently rarely used in 
studies of recent and active volcanic systems. Geochrono-
logical and compositional data from zircon, which is often 
preserved through successive magmatic cycles as a result 
of its chemical and physical resilience, can provide insights 
into eruptive processes (Hanchar and Hoskin 2003). In par-
ticular, light is shed on the following: cyclicity of crystallisa-
tion and eruption ages (e.g., Marsden et al. 2021a; Scarrow 
et al. 2021; Rojas-Agramonte et al. 2022; Famin et al. 2022; 
Schmitt et al. 2023); primary mantle source characteristics 
(e.g., Xu et al. 2018; Sagan et al. 2020); tectonomagmatic 
context and provenance (e.g., Grimes et al. 2015; Coutts 
et al. 2019; Friedrichs et al. 2020); assimilation, fractiona-
tion and hydrothermal processes (e.g., Carley et al. 2011; 
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Bindeman et al. 2012; Troch et al. 2018; Cisneros de León 
and Schmitt 2019; Scarrow et al. 2022); thermobarometry 
(Loucks et al. 2020; Ni et al. 2020); and magma volumes 
(e.g., Weber et al. 2020). So, insights preserved within zir-
con can elucidate magma source characteristics and inter-
actions (Scarrow et al 2023). Here, we use zircon data to 
consider the petrogenetic processes that generated both end 
member magmas and their degree of interaction, as well as 
associated plutonic clasts in the only known mingled fall 
on Ascension Island in the South Atlantic. Such deposits 
are, however, evident on other ocean islands, for example 
in the Canaries and the Azores, where the mixed charac-
teristics of mingled deposits, e.g., textures, inclusion types 
and zoning, provide critical insights into the dynamics of 
magma mixing, the structure and zonation of a magmatic 
plumbing system and how these systems evolve over time 
(Freundt and Schminke 1992). Evidence of short-lived inter-
actions between compositionally distinct magmas, such as 
basanite and phonolite, highlight the potential for geneti-
cally unrelated magmas to interact (Wiesmaier et al. 2011; 
Araña et al. 1994), which can shed light on how intrusions, 
convection and volatile exsolution destabilise and trigger 
explosive eruptions (Laeger et al. 2019). For example, rapid 
magma mixing processes driven by bubble-enhanced tur-
bulence revealed the structure, dynamics and explosivity of 
the Tajogaite 2021, La Palma, volcanic plumbing system 
(González-García et al. 2023). We specifically consider the 
duration of the magmatic system and the role of magmatic 
and eruptive processes in mineral recycling between differ-
ent reservoirs and distinct events.

Ascension Island crustal structure is conditioned by sub-
surface plutonism (Chamberlain et al. 2019) which places 
an important control on the passage of magma to the surface 
and, therefore, the closed-system fractional crystallisation of 
small-volume magma batches (Kar et al. 1998; Jicha et al. 
2013). The oceanic crust beneath the island is sampled by 
accidental lithic clasts preserved in the volcanic deposits 
(e.g., Scarrow et al. 2023) which can provide rare insights 
into plutonism in the region (cf., Shane et al. 2012) and 
consequently the pathways by which evolved melt reser-
voirs are generated and preserved. Notably, closed system 
fractional crystallisation modelling of the trachybasalt mafic 
scoria end member from the only known macroscopic-scale 
preservation of magma mingling on the island, the Mingled 
Fall, could not reproduce the most evolved pumice compo-
sition, felsic rhyolite (Chamberlain et al. 2020), at depths 
of crystallisation consistent with melt inclusion volatiles 
and major elements. The rhyolites could be modelled, how-
ever, by ~ 10% partial melting of lower crustal olivine-rich 
gabbros which produced the evolved magma (Chamberlain 
et al. 2020; cf., Sigurdsson 1977; Hildreth 1981; Kimura 
and Hayasaka 2019; Angelo 2013). Intrusion of water-rich, 
originally crystal-poor, mafic magma apparently triggered 

devolatilisation of the water-rich rhyolitic magma leading to 
ascent of the mingled magma with heterogeneous composi-
tions and viscosities (Chamberlain et al. 2020). We analysed 
zircon compositions and ages from all components of the 
Mingled Fall to investigate these processes further.

This work focuses on zircon U-Th-Pb ages of the volcanic 
deposits and plutonic accidental lithic clasts from the Min-
gled Fall. The precise age of crystallisation and eruption of 
the Mingled Fall deposit was unknown, but its relative stra-
tigraphy constrained because it crops out between a pumice 
breccia dated at 0.693 ± 0.047 Ma and a 0.591 ± 0.017 Ma 
pumice (Ar/Ar dating, Preece et al. 2021). Our new acces-
sory mineral age and compositional data can be integrated 
into existing stratigraphic and volcanological frameworks 
(Chamberlain et al. 2020; Preece et al. 2021). This allows us 
to place further constraints on the timing of processes in the 
magmatic system as well as providing specific insights into 
the following: tectonomagmatic context; assimilation; melt 
generation; crystallisation and fractionation; hydrothermal 
processes; thermobarometry; eruption and the identification 
of marker horizons for tephrostratigraphic correlations (cf., 
Hanchar and Hoskin 2003; Schmitt et al. 2006; Grimes et al. 
2015; Danišík et al. 2017; Troch et al. 2018; Xu et al. 2018; 
Loucks et al. 2020; Friedrichs et al. 2021; Marsden et al. 
2021a, 2021b; Sturm et al. 2024).

Here, we integrate field information and macrocryst phase 
data (Chamberlain et al. 2020) with new fieldwork results, 
whole-rock compositions and zircon U-Th-Pb ages and iso-
topic and trace element data from both juvenile (pumice 
and scoria) and accidental plutonic clasts from the Mingled 
Fall deposit. This approach enables us to constrain petro-
genetic processes, characterise magma sources and unravel 
magmatic cyclicity. In addition, controls are placed on pre-
eruptive plumbing processes that led to mineral recycling 
between different reservoirs and magmatic events, ultimately 
resulting in explosive eruption.

Geological setting, field relations and petrological 
context

Ascension Island is a small mid-Atlantic volcanic island, 
located at 7°56′S, 14°22′W, ~ 50 km south of the Ascen-
sion fracture zone and 100 km west of the Mid-Atlantic 
Ridge (Fig. 1, inset). It is part of the British Overseas 
Territory that also comprises Saint Helena and Tristan da 
Cunha and serves as a crucial hub for British and Ameri-
can military bases, ships and aircraft, as well as being a 
base for vital communication infrastructure. The resident 
population of ~ 1000 includes military personnel. The sub-
aerial volcanic edifice, with dimensions of 8 km by 12 km, 
preserves the last 1 Myr of the 5–6 Ma volcanism (Kar 
et al. 1998; Klingelhöfer et al. 2001; Paulick et al. 2010; 
Jicha et al. 2013; Preece et al. 2016). Magmatism has 
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been related to melting of an anomalously enriched Mid-
Atlantic Ridge-type mantle displaced by westward plate 
movement (Paulick et al. 2010) or an off-centre deflected 
shallow, low-flow mantle plume (Gaherty & Dunn 2007). 

The growth of the volcanic edifice has overthickened the 
crust by up to 12 km (Klingelhöfer et al. 2001; Minshull 
et al. 2010). This crustal structure permitted differentiation 
of mantle-derived melts by varying degrees of fractional 

Fig. 1   Simplified geological map of Ascension Island adapted from 
(Chamberlain et al. 2016) showing the distribution of mafic and fel-
sic effusive and explosive products, and locations of key infrastruc-
ture and outcrops. 1, Georgetown; 2, Two Boats Village; 3, Royal Air 
Force Station, Travelers Hill; 4, USA Military Base; 5, Wideawake 
aerodrome; 6, NASA road; 7, Middleton Ridge; 8, Green Mountain; 

9, Echo Canyon. A yellow asterisk marks the location of the Debris 
Avalanche (DA) outcrop of the Mingled Fall deposit, a yellow star 
marks the Middleton Ridge (MR) outcrop and a black  cross the 
youngest basaltic lava flows. Inset: Ascension Island relative to the 
Mid-Atlantic Ridge in the South Atlantic, Ascension Fracture Zone 
(AFZ) and Boca Verde Fracture Zone (BVFZ)
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crystallisation, mineral segregation and accumulation dur-
ing stalling and ascent (Kar et al. 1998; Chamberlain et al. 
2016, 2019). The broad compositional range of Ascen-
sion Island volcanic rocks resulted, comprising a silica-
undersaturated transitional to mildly alkaline series of 
basalt–hawaiite–mugearite–benmoreite–trachyte–rhyolite 
(Daly 1925; Weaver et al. 1996). Mafic-felsic plutonic and 
volcanic accidental lithic clasts (Harris 1986; Kar et al. 
1998; Scarrow et al. 2023) identified in juvenile volcanic 
material mainly crop out in explosive pyroclastic deposits 
rather than effusive flows and domes (Weaver et al. 1996; 
Chamberlain et al. 2020; Davies 2021).

The Mingled Fall mafic scoria and felsic pumice deposit 
is variably preserved in outcrops across the Central Felsic 
Complex of the island, with particularly complete sequences 
at Middleton Ridge and in the Debris Avalanche Area 
(Fig. 1, star and asterisk, respectively). A detailed descrip-
tion of the volcanic stratigraphy of the Mingled Fall can 
be found in Chamberlain et al. (2020). Figure 2 shows the 
complete sequence, from base to top with no evidence, 
such as paleosols, for breaks in the sequence: a basal thin 
(< 10 cm) white ash (A), overlain by two thin (< 20 cm) 
upward-coarsening well-sorted, dense, scoria units (L1); 
well-sorted mixed (to varying degrees) dense light grey and 

Fig. 2   (a) “Debris Avalanche” outcrop of the Mingled Fall. Note 
the progression from light-coloured pumice at the base to dark sco-
ria at the top of the outcrop. Plutonic accidental lithic clasts are con-
centrated in the central scoria unit. The outcrop is 1.5 m high. This 
mingled deposit crops out across the Central Felsic Complex (Fig. 1) 
where the oldest subaerial rocks of Ascension Island are located. The 
positions of some of the samples taken from the outcrop are marked 

in yellow (see Supplementary Material Table 1 for information about 
the samples studied). (b) Stratigraphy of the Mingled Fall, from 
Chamberlain et  al. (2020), red arrows indicate typical pumice and 
scoria sampling locations. There is no evidence of a temporary break, 
such as a paleosol or an erosion surface between the units. (c) Close 
up of the unit L2B to L3 transition, note the plutonic clast in the cen-
tre of the image, tool blade 10 cm
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very vesicular white pumice units with individual clasts min-
gled with scoria (L2); well-sorted scoria with rare mingled 
pumice clasts as well as abundant monzonitic–granitic–sye-
nitic plutonic and rare basaltic and rhyolitic accidental lithic 
clasts (L3). The pumice blocks are angular with a glassy 
groundmass and well-developed vesicularity, whereas the 
scoria clasts are dense and sub-rounded with limited vesicu-
larity (Chamberlain et al. 2020). In addition to the distinct 
pumice and scoria clasts, some individual pieces show evi-
dence of mingling, e.g., small mafic blebs within the pumice 
and felsic glass in the scoria.

Published mineral data (Chamberlain et al. 2020) from 
juvenile samples of the Mingled Fall show pumice olivine 
is fayalite; clinopyroxene is Na-rich with elevated Sc, Zn, 
Sr, Zr, Y; and feldspars are unzoned anorthoclase with low 
concentrations of Zn, Sr, Ba, Eu, and Pb. By contrast, the 
scoria feldspars are also unzoned but more composition-
ally diverse from orthoclase to labradorite with higher, more 
scattered Zn, Sr, Ba, Eu, and Pb values; clinopyroxene is 
Na-poor with high Ti and Co; and olivine is more forst-
eritic (Fa47–54) than in the pumice. Mineral chemistry data 
from Harris (1982, without stratigraphic context) indicates 
the plutonic accidental lithic clast mineral compositions are 
quite varied: andesine to albite feldspars with zoning from 
more Na-rich cores to more K-rich rims; augite-aegirine 
some of which are Ti–rich; edenite to arfvedsonite and rare 
aenigmatite amphibole; and almost pure fayalitic olivine is 
also present in a few blocks.

Analysing melt inclusions in olivine and clinopyroxene 
phenocrysts and the glass selvedge rims on these Chamber-
lain et al. (2020) measured up to 8.28 wt% H2O in the pum-
ice and 6.04 wt% in the scoria. Using the MagmaSat applica-
tion (Ghiorso and Gualda 2015), they calculated entrapment 
pressures of 330 MPa, ~ 11 km, for both the scoria- and 
pumice-hosted rhyolitic melt inclusions. Correlating these 
with geophysical data, this corresponds with the base of the 
oceanic crust, ~ 1 km above the seismic Moho (Klingelhöfer 
et al. 2001). Eruption of the gabbro-melt-generated rhyolites 
was triggered by mafic hydrous mantle magma (Chamber-
lain et al. 2020). These authors concluded that the felsic 
melt in the melt inclusions represents the most evolved end 
member of the Mingled Fall mixed magma. This interacted 
variably with the mafic end member to produce the pumice 
and other, intermediate, compositions.

Samples and methods

Eight representative samples from the same mingled erup-
tive unit, cropping out at Middleton Ridge (MR) and in the 
Debris Avalanche Area (DAD) (Fig. 1), were selected for 
detailed study. These include four juvenile bulk samples: 
two scorias (861 DAD and 863B MR) and two pumices 
(606A DAD and 863A MR); and four felsic accidental lithic 

plutonic clasts—one monzonite (862A7 DAD), one gran-
ite (616A MR) and two quartz syenites (862AZ DAD and 
616B MR). On the basis of field evidence that indicates the 
two outcrops are from the same deposit (see Supplemen-
tary Material Table 1), we consider the two scoria samples 
together and the two pumice samples jointly; however, all 
plutonic accidental lithic clasts were considered individu-
ally. Volcanic samples comprise composites of clasts col-
lected from uniform horizontal layers; the decimetre-scale 
accidental lithic plutonic clasts were excavated from unit L3 
(Fig. 2). Petrographic thin sections were made of all samples. 
Remaining material was prepared for geochemical analyses 
and zircon separation. All eight samples were powdered for 
whole-rock major element X-ray fluorescence analysis in a 
tungsten-carbide ring mill at the University of East Anglia, 
UK; for elements with concentrations > 0.5 wt%, analyses 
of multiple international standards yielded uncertainties ≤ 
± 0.5 wt% (2σ), except for SiO2 which yielded uncertainties 
of ± 1.06 wt% (2σ). Major element data are plotted normal-
ised to 100 wt% dry totals. Rare earth elements plus selected 
trace elements were analysed by ICP-MS at the University of 
Granada, Spain, Scientific Facilities Centre (UGR-CIC); pre-
cision, as determined from international standards, was bet-
ter than ± 2% and ± 5% for concentrations of 50 and 5 ppm, 
respectively.

Zircon was extracted from the eight samples by crushing, 
sieving using disposable synthetic mesh, then panning the 
50–250-µm fraction in water to concentrate heavy minerals. 
This concentrate was refined by magnetic separation and 
dissolution of other silicates and phosphates with a mixture 
of hydrochloric and hydrofluoric acid before hand pick-
ing using a binocular microscope. Grains were mounted in 
epoxy, polished, coated with carbon and then imaged using 
a Zeiss EVO-150 scanning electron microscope (SEM) at the 
UGR-CIC. The SEM contrast and brightness settings were 
constant for all cathodoluminescence analyses permitting 
comparison of relative intensities between samples. The zir-
con analytical sequence used was as follows: U-Th-Pb analy-
ses were performed first, then the mount was re-polished 
until the U–Pb spots disappeared; oxygen isotopes were then 
analysed on the same grains and in areas close to the previ-
ous U-Th-Pb spots, same domain, when possible; trace ele-
ment analyses were later carried out by LA-ICP-MS on the 
same areas; finally, Hf isotope analyses were performed on 
the dated zircon grains.

Zircon was analysed for U-Th-Pb in all eight samples and 
oxygen isotopes in five samples (two scorias, 861 and 863B; 
one pumice, 863A; and two accidental plutonic lithic clasts, 
862A7 and 862AZ) using the IBERSIMS SHRIMP IIe/mc 
ion microprobe at the UGR-CIC. All age uncertainties are 
quoted at 1σ in the text; 1σ errors are plotted for clarity. The 
207-corrected ages were calculated by projecting each ana-
lytical point from the present-day common lead composition 
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(207Pb/206Pb ≈ 0.85) onto the Tera-Wasserburg concordia. 
The current Pb composition is assumed to be the same for all 
Paleozoic and younger zircons. Also, the effect of 230Th on 
the 206Pb/238U ages was taken into account for young rocks 
(Schärer 1984). Corrections were proposed by Sakata et al. 
(2013), implemented by Williams et al. (2016), and used 
extensively then onwards, e.g., by Rojas-Agramonte et al. 
(2017). The U/Th ratios used to correct the 230Th effect on 
the 206Pb/238U ages were determined by ICP-MS at the UGR-
CIC on a separate aliquot of the same whole-rock samples 
from which the analysed zircon grains were separated. Zir-
con U–Pb ratios were analysed by SHRIMP II-Mc follow-
ing the method described by Williams and Claesson (1987): 
Each selected spot was rastered with the primary beam for 
120 s prior to analysis and then analysed for six scans, fol-
lowing the isotope peak sequence 196Zr2O, 204Pb, 204.1back-
ground, 206Pb, 207Pb, 208Pb, 238U, 248ThO and 254UO. Every 
peak of every scan was measured sequentially 10 times. The 
counting times per scan for masses 204, 206, 207 and 208 
were increased in this case, because of the young age of the 
zircons, from the standard counting times of 15 s up to 25 s 
for masses 204, 206, 207 and 208. All calibration proce-
dures were performed on standards included on the same 
mount: mass calibration REG zircon, ca. 2.5 Ga, very high 
U, Th and common lead content; SL13 zircon, 563 ± 5 Ma, 
which is used as a concentration standard, 238 ppm U; and 
the TEMORA-II zircon, 416.8 ± 1.1 Ma, used as an isotope 
ratios standard, measured every 4 unknowns. See the Sup-
plementary Material file ‘zircon analytical methods’ for full 
SHRIMP analytical details.

It is worth noting that the ages presented here are the 
youngest zircon dated by the University of Granada IBER-
SIMS laboratory and some of the youngest volcanic rocks 
dated by SHRIMP zircon U-Th-Pb. Although comparable 
dates include a 206Pb/238U zircon age of 0.659 ± 0.044 Ma for 
the Yellowstone caldera Lava Creek rhyolite tuff (Bindeman 
et al. 2001) and weighted mean 206Pb/238U ages for zircon 
cores, 0.6599 ± 0.0055 Ma, and rims, 0.6266 ± 0.0058 Ma, 
for the same rocks (Matthews et al. 2015). Significantly, 
these young U–Pb ages were measured on a reverse geom-
etry SHRIMP instrument at Menlo Park, CA, USA. The 
youngest published 206Pb/238U zircon age measured on a 
standard geometry SHRIMP machine was 0.97 ± 0.41 Ma 
for a southeast Asian mantle-derived zircon megacrysts from 
Pailin which was supported by LA-ICPMS grain mapping 
that yielded 1.017 ± 0.067 Ma age (Kirkland et al. 2020).

Once analysed for U-Th-Pb, the megamounts were 
cleaned, re-polished to erode the pits produced during geo-
chronology analysis and coated with a 30-nm-thick gold 
layer for oxygen isotope analyses, performed on the IBER-
SIMS SHRIMP IIe/mc ion microprobe. Zircon trace element 
concentrations were analysed at the CIC-UGR LA-ICP-MS 
laboratory using a PerkinElmer NexION 350X ICP-MS 

coupled to a New Wave Research NR 213 LA system. 
Laser ablation Hf isotopes were determined at the British 
Geological Survey, Keyworth, UK (6 samples: one scoria, 
861; two pumices, 606A and 863A; and three lithic clasts 
862A7, 862AZ, 616B) using a Thermo-Scientific Neptune 
Plus MC-ICP-MS. For full details of analytical methods, 
see Supplementary Material ‘zircon analytical methods’ file. 
Complete data sets of whole-rock major and trace elements 
and zircon U–Th–Pb, O and Hf isotopes and trace element 
data are given in Supplementary Material Tables 2 and 3.

Results

Whole‑rock petrography and composition

Interaction between scoria and pumice is observed in the 
volcanic deposit of all the Mingled Fall outcrops. Scorias—
samples 861 and 863B—are aphanitic, mesocratic, hypohya-
line, with a fine-grained inequigranular porphyritic, highly, 
albeit variably, vesicular texture (40–50 modal% rounded 
vesicles) (Fig. 3a, b). Macrocrysts, ~ 5–10 modal%, are pre-
dominantly subhedral, variably concentrically zoned, pla-
gioclase, up to 1 mm diameter, with minor olivine, clinopy-
roxene, biotite and Fe-Ti oxides. The groundmass is glassy. 
Zircon is an accessory mineral. Secondary minerals include 
rare iddingsite after olivine. Fragments of mm-scale plutonic 
and volcanic accidental lithic clasts with sharp margins are 
present in both samples.

Pumices—samples 606A and 863A—are aphanitic, leu-
cocratic, hypohyaline, with a fine-grained inequigranular 
porphyritic, vesicular texture (30–40 modal%, generally 
rounded although occasionally elongated vesicles) (Fig. 3c, 
d). Macrocrysts, comprise ~ 5 modal% subhedral alkali feld-
spar, up to 1 mm diameter, and minor rounded olivine, clino-
pyroxene, quartz and Fe-Ti oxides. Zircon and apatite are 
accessory minerals. Fragments of mm-scale plutonic acci-
dental lithic clasts with disaggregated margins are present 
in both samples.

Plutonic accidental lithic clasts—862A7, 862AZ, and 
616B—are monzonite and quartz syenites with phaneritic, 
leucocratic-mesocratic, holocrystalline, fine-medium-
grained, inequigranular, hypidiomorphic textures and vari-
able development of a late-stage interstitial agpaitic-like 
mosaic of ferromagnesian minerals (Fig. 3e, f). The mineral 
assemblage consists of up to 4 mm diameter euhedral pla-
gioclase (~ 70 modal%), alkali feldspar, anhedral interstitial 
quartz (~ 5–10 modal%) and subhedral-anhedral amphibole, 
biotite, and Fe-Ti oxides which, in places, form mm-scale 
patchy polymineralic clusters; olivine and clinopyroxene 
are present in the monzonite. Zircon and apatite are acces-
sory minerals. Secondary minerals include iddingsite after 
olivine.
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Plutonic accidental lithic clast—616A—is a leucocratic 
peralkaline granite that has a holocrystalline, inequigranu-
lar, hypidiomorphic texture with an agpaitic-like mosaic 
of ferromagnesian minerals (Fig.  3g, h). The mineral 
assemblage consists of ~ 20 modal% of up to 3 mm sub-
hedral, perthitic, alkali felspar and quartz macrocrysts 
in a fine-grained feldspar-quartz mosaic. Mafic minerals 
include dark green amphibole and rare biotite. Zircon and 
abundant apatite are accessory minerals. Secondary miner-
als include sericite after feldspar. Glomerocrysts of felsic 
minerals and mm-scale crustal xenoliths are common.

Whole-rock major and trace element data for the scoria, 
pumices and plutonic lithic clasts are given in Fig. 4 and 
Supplementary Material Table 2. Whole-rock compositions 
for other analysed pumice samples of the same rock types 
that extend the compositional range are also included in 
Fig. 4 (Chamberlain et al. 2020 and references therein). For 
ease of comparison, all analyses are presented and calculated 
to 100 wt% dry.

All the rocks have an alkaline-transitional metaluminous 
character (SiO2 51.94–73.97 wt%; Na2O + K2O 5.24–9.41 wt%) 
with a narrow range of FeOT/MgO (2.95–3.96). The scorias are 

Fig. 3   Photomicrographs of rep-
resentative samples: a, b scoria; 
c, d pumice; and e, h plutonic 
accidental lithic clasts. Fields of 
view 5.5 mm diameter, polar-
ised light in left-hand column, 
crossed polars in the right-hand 
column. K-feld, alkali feldspar; 
amph, amphibole
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Fig. 4   Whole-rock major and 
trace elements; major ele-
ments are expressed in weight 
percentage, trace elements in 
ppm, errors greater than symbol 
size are shown as a black line 
in the bottom left corner of the 
graphs. Major and trace ele-
ments vs. SiO2. a Na2O + K2O; 
b MgO; c Al2O3; d Sr; e CaO; 
f FeOT; g TiO2; h Sc; i Eu; j 
K2O; k Rare Earth diagrams 
normalised to chondrite 
(values from Hofmann 1988); 
and l N-MORB (values from 
McDonough & Sun 1995). 
*Whole-rock compositions for 
other analysed pumice samples 
of the same rock types that 
extend the compositional range 
are also included in this figure 
(cf. Chamberlain et al. 2020 and 
references therein). For ease 
of comparison, all analyses are 
presented and calculated to 100 
wt% dry
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basaltic trachyandesites; SiO2 ranges from 51.94 to 53.87 wt% 
with additional analyses from Chamberlain et al. (2020), extend-
ing this to 58.70 wt% SiO2. The pumice, on the other hand, is 
a trachyandesite with SiO2 58.58 wt%, indicating an overlap 
between the two groups consistent with field observations. This 
raises the question of whether the compositional overlap results 
from mingling between a more evolved and a mafic component. 
Although we prepared our samples by visually selecting the 
macroscopically least mingled material, potential microscale 
heterogeneity cannot be ruled out. Supporting this interpreta-
tion, pumice analysed by Chamberlain et al. (2020) has a more 
evolved composition, with trachytes reaching up to 68.35 wt% 
SiO₂ and pumice- and scoria-hosted melt inclusions as well 
as matrix glass in both the pumice and scoria being rhyolitic. 
Although pumice sample 606A was not analysed for major ele-
ments, the trace element compositions, such as Rb, Ba, Y and 
La, indicate it is more evolved than pumice 863A (Supplemen-
tary Material Table 2). The monzonite–granite–syenite plutonic 
accidental lithic clasts range from 58.11 to 73.97 wt% SiO2. A 
negative correlation with SiO2 is observed for most major and 
trace elements including MgO, FeOT, Al2O3, CaO, TiO2 and 
P2O5 as well as V, Sc and Eu; only K2O, Sr, Zr and the rare earth 
elements (REE) show positive correlations with SiO2 (Fig. 4, 
Supplementary Material Table 2).

The Mingled Fall juvenile samples all have whole-
rock Zr/Hf values of 38 to 42, within the chondritic range, 
i.e. ~ 35–40, for most crustal rocks (Supplementary Material 
Table 2, Ahrens and Erlank 1969; Hoskin and Schaltegger 
2003). By contrast, all the plutonic accidental lithic clasts have 
lower, ~ 25, whole-rock Zr/Hf, indicative of fractionation of 
zircon or other Zr-bearing major phases. Normalised to chon-
drite, the rocks are slightly enriched in light rare earth ele-
ments (LREE) relative to heavy rare earth elements (HREE), 
(La/Yb)N = 5.8–13.3 (Fig. 4k). The least evolved, lowest SiO2 
scoria and one plutonic clasts show either no Eu anomaly or a 
slightly positive one, Eu/Eu* = 1.0–1.2 (where Eu = EuN and 
Eu* = √[Sm × Gd]N), whereas the more evolved, higher SiO2 
pumice and plutonic clast have clear negative Eu anomalies, 
Eu/Eu* = 0.3–0.6, and flatter more elevated middle-heavy REE 
patterns. Normalised to N-MORB, all the rocks have similar 
profiles (Fig. 4l): scoria profiles are generally flat and parallel 
with comparable concentrations, weak negative anomalies are 
observed in Pb and Sr and in one sample in Ba and Ti relative 
to adjacent elements; the more-evolved pumice and plutonic 
clasts have broadly parallel patterns with marked negative 
anomalies in Ba, Sr and Ti relative to neighbouring elements.

Zircon texture, composition and geochronology

Texture

Representative cathodoluminescence (CL) zircon images 
from the eight studied samples are presented in Fig. 5. 

The zircon grains in all samples are texturally diverse with 
diameters between 50 to 300 µm, equidimensional to pris-
matic forms and some well-developed pyramidal termina-
tions. Although some cathodoluminescence images suggest 
the presence of cores and rims, geochronological analyses 
showed no age difference between internal zones, texturally 
similar to inherited cores, and external rim zones.

Composition

Trace elements  The Mingled Fall zircon REE concentra-
tions vary considerably, within single rock samples; zircon 
LREE concentrations vary by up to two orders of magnitude 
and HREE concentrations by less than an order of magni-
tude (Fig. 6a–g). This variation is consistent with typical 
intra-grain and inter-grain compositional variations in other 
magmatic zircon (cf. Hoskin and Schaltegger 2003). The 
range is greatest in the volcanic samples, scoria sample 861 
is most heterogeneous, with less variation in the plutonic 
clasts. Nevertheless, all plutonic and volcanic zircon chon-
drite-normalised REE patterns are parallel-subparallel and 
have similar, typically magmatic, depletion in LREE relative 
to HREE ([Gd/Yb]N 0.02–0.12) and positive Ce and nega-
tive Eu anomalies relative to adjacent REE (cf. Hoskin and 
Schaltegger 2003) (Fig. 6).

In the data set as a whole, the zircon Eu anomalies 
are moderately to strongly negative, Eu/Eu* (0.1–0.6), 
(Eu = EuN and Eu* = [Sm × Gd]N

0.5), consistent with plagio-
clase fractionation under reducing conditions before zircon 
crystallisation (Fig. 6a–g). Notably, the anomalies are par-
allel in all samples except scoria 861 (and one grain in the 
plutonic clast 862AZ). The Eu anomalies are comparable to 
whole-rock data for the most evolved pumice and accidental 
lithic clasts but not to the less evolved whole-rock composi-
tions in which Eu anomalies are absent or weakly positive 
(Fig. 4k). However, the prominent negative Eu/Eu* ratios 
do not correlate systematically with Zr/Hf, a magma differ-
entiation index that reflects preferential melt depletion in Zr 
relative to slightly less compatible Hf as zircon fractionates 
(Claiborne et al. 2006). For this reason, the lowest values of 
Zr/Hf are expected in the most evolved melts that have lower 
Zr and higher Hf.

A very broad range is evident in zircon Zr/Hf ratios, 
19–70, with considerable overlap for all samples; the val-
ues are as follows: scoria 861 (62.8–42.5); pumices 606A 
(55.35–47.6) and 863A (62.6–50.6); and plutonic blocks 
616B (53), 862A7 (67.8—27.9) and 862AZ (59.3—32.4). 
The only correlation with this differentiation index is a posi-
tive relation with Ti, in the samples: pumice 606A, scoria 
861 and plutonic accidental lithic clast 862A7 (Fig. 6h).

The zircon Ce anomalies are positive, Ce/Ce* (4.4–264, 
where Ce = Ce and Ce* = [La × Pr]0.5) indicative of oxidis-
ing conditions in the magmatic system (Fig. 6a–g). The Ce 
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Fig. 5   Representative zircon cathodoluminescence (CL) images of the studied samples. On each image, the scale bar is 100 µm in length with 
analysis locations shown by red circles
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anomalies are more variable in the volcanic zircons, e.g., 
pumice 606A, than zircon in the plutonic clasts. Whole-
rock compositions, by contrast, do not show Ce anomalies 
(Fig. 4k).

Other zircon trace element concentrations also vary 
significantly, e.g., Hf (~ 5000–25000 ppm) and U (40–
5250 ppm, Fig.  6i). In addition, U/Yb varies (0.1–0.5) 
although generally within a typical igneous zircon range of 
0.2–4 (Hoskin and Schaltegger 2003); some values are low 
in scoria 861, pumice 863A and plutonic clast 862AZ, which 
is variably attributable to low U and high Yb. The Th/U 
ratios (0.5–3.6, with only two low values in plutonic clast 
616B) are also typical of igneous values ≥ 0.5.

In the Grimes et al. (2015) tectonomagmatic discrimina-
tion diagram (Fig. 6j), the mingled deposit zircon composi-
tions straddle the high U/Yb to low U/Yb boundary, falling 
in the Hawai’i and Iceland ‘crustal input or enriched mantle 
source’ fields.

Hf and O isotopes  The Mingled Fall zircon Hf isotope data 
are heterogeneous (Fig. 7A). Zircon Hf isotope ratios are 
sensitive to magma composition variations, which may 
reflect source compositions. Depleted mantle has high 
εHf > 15, whereas enriched sources, e.g., continental crust, 
have lower values, < 0 (Hawkesworth et al. 2010). Hf iso-
topes were analysed for zircon from five representative sam-
ples: scoria 861 (2.75–13.77); pumices 606A (5.99–9.31) 
and 863A (5.15–10.11) and plutonic blocks 862A7 (3.15–
9.67), 862AZ (6.46–11.45) and 616B (7.63–10.42, and two 
negative values at ~ − 2 and − 7). The εHf values do not cor-
relate with δ18O, differentiation (Zr/Hf), age nor Ti content.

Mingled Fall zircon O isotope data are also heterogene-
ous (Fig. 7B). The δ18O is reported relative to VSMOW; 
values range from well below typical mantle compositions 
(4.7–5.9‰) to higher (> 6‰) typical of continental crust 
(cf. Valley 2003). Oxygen isotopes were analysed for zircon 
from five representative samples: scorias 863B (4.30–5.78) 
and 861 (3.49–6.23); pumice 863A (1.58–5.29) and plutonic 
blocks 862A7 (4.12–5.87) and 862AZ (4.39–6.54). The δ18O 
values do not correlate with differentiation (Zr/Hf) nor age.

Geochronology: U–Th–Pb crystallisation ages

Results of the SHRIMP U-Th-Pb analysis and age calcu-
lations are shown in Figs. 8 and 9, and the data are pre-
sented in Supplementary Material Table  3. Unaltered 
primary magmatic zircon grains, representative of those 
separated from each sample, were targeted for dating by 
avoiding regions apparently affected by hydrothermal 
alteration with murky or fluid inclusion-rich pitted textures 
(cf., Hoskin 2005; Jiang et al. 2019). Results from altered 
grains were eliminated from the dataset when detected, 

e.g., flat chondrite-normalised LREE patterns and small Ce 
anomalies from fluid inclusions or tiny inclusions of LREE-
rich minerals such as allanite and chevkinite (Hoskin and 
Schaltegger 2003; Claiborne et al. 2010; Zhong et al. 2021; 
Ni et al. 2020).

All analyses have variable common lead, originating 
from the limited radiogenic Pb produced during the short 
lifespan of the zircon grains. Typically, data points align 
along common-Pb discordias, where the lower intercepts 
are interpreted as the age of the sample. Wetherill concordia 
diagrams were generated for all samples and frequency dis-
tributions with relative probability curves were plotted for 
all 207-corrected 206Pb/238U ages permitting visualisation 
of different zircon populations (Figs. 8 and 9). This com-
bined approach enables identification of age maxima and 
constraint of crystallisation timing using the lower intercept 
ages obtained from common Pb discordias in the Wetherill 
diagram.

Before presenting the geochronological results for each 
sample in detail, we first discuss the zircon dates in gen-
eral terms and explain the rationale behind their division 
into distinct age populations. Firstly, it is important to 
note that the zircon dates of both the Ascension volcanic 
deposits, scoria and pumice, are multimodal whereas the 
plutonic blocks each have one dominant age population, 
although the probability density function does show other 
minor peaks (Fig. 9). The decision about which age popu-
lations to define and how to group the analyses was based 
on the distribution of the 206Pb/238U ages in Wetherill con-
cordia diagrams. Following standard procedure, analyses 
that define a discordia line are considered to represent a 
single age population, whereas older points that do not fit 
the discordia line and plot above the main age trend are 
interpreted as inherited grains. The division of the scoria 
ages into 3 groups, < 0.7 Ma, 0.70–1.0 Ma and > 1.0 Ma, 
is consistent with and supported by the ages of inherited 
grains in the pumice samples and, importantly, by the uni-
modal age ranges of the older plutonic lithic clasts, which 
provide a robust constraint. In all samples, the data points 
are, without exception, discordant, an expected feature in 
zircon grains as young as those analysed, yielding more or 
less well-defined common lead discordia arrays. The fit of 
the data points along the discordia lines is never perfect 
which contributes to the high MSWD values. However, the 
errors are usually small, and the lower intersection ages 
for each sample consistently match the weighted mean 
207-corrected 206Pb/238U ages and, in some cases, show 
even greater precision.

Scoria 863B (Middleton Ridge)  Eighteen zircon grains 
were selected for U-Th-Pb analysis from scoria 863B 
(Fig. 8a–c), they are divided into three groups of six grains 
that align on Wetherill diagram discordia with a lower 
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intercept of 0.63 + 0.12 − 0.11 Ma (MSWD 7.56); six more 
grains have a lower intercept of 0.95 ± 0.15 Ma (MSWD 
2.04); and the final six grains have a lower intercept of 
1.41 + 0.33 − 0.38 Ma (MSWD = 4.2).

861 (Debris Avalanche)  Nineteen zircon grains were 
selected for U-Th-Pb analysis from scoria 861 (Fig. 8d, e). 
The 19 analyses are discordant and indicate that there is 
more than one population: a younger one, nine points, with 
a lower intersection age 0.64 ± 0.05 Ma (MSWD = 2.17; 
and an older one, part of which defines, broadly speaking, 
another discordia, 5 points, lower intercept age 1.24 ± 0.21 
(MSWD = 11.8). Four older dispersed ages, 1.3 to 1.8 Ma, 
were not considered in the Wetherill plots, to avoid overstat-
ing the interpretation of distinct age populations.

Pumice 606A (Debris Avalanche)  Fourteen zircon grains 
were selected for U-Th-Pb analysis from pumice 606A 
(Fig. 8f). The 14 analyses are discordant but define a single 
population without inheritance that has a lower intercept 
age 0.60 + 0.11 − 0.17 (MSWD = 0.92). Given the absence 
of inherited zircon grains, this age is considered to reflect 
crystallisation of the ‘Mingled Fall’ eruption.

863A (Middleton Ridge)  Nineteen zircon grains were 
selected for U-Th-Pb analysis from pumice 863A (Fig. 8g, 
h). The 19 analyses are discordant and indicate that there is 
more than one population: a younger one of 7 points with a 
lower intercept age of 0.60 + 0.10 − 0.11 (MSWD = 5.7) and 
an inherited one of 12 points with a lower intercept age of 
1.36 ± 0.2 Ma (MSWD = 18.7).

From these results, summarised in Figs.  8 and 9, it 
appears reasonable to group all the geochronological data 
for zircon in the volcanic rocks. Doing this gives an age of 
0.60–0.64 Ma, which we consider to be the overall crystal-
lisation age of the ‘Mingled Fall’ eruption.

Plutonic accidental lithic clasts 616A (Middleton Ridge)  Nine-
teen zircon grains were selected for U-Th-Pb analysis from 
plutonic clast 616A (Fig. 8i). The 19 analyses are discord-
ant but define a single population without evidence of 
inheritance with a lower intercept age of 0.61 ± 0.05 Ma 
(MSWD = 8.1).

616B (Middleton Ridge)  Only six grains were separated 
from plutonic clast 616B (Fig. 5F) of which four were large 
enough for U-Th-Pb analysis (Fig. 8j). The four analyses are 
discordant but define a single population without inherit-
ance and a lower intersection age of 1.28 + 0.40 − 0.46 Ma 
(MSWD = 8.3).

862A7 (Debris Avalanche)  Seventeen zircon grains were 
selected for U-Th-Pb analysis from plutonic clast 862A7 
(Fig. 8k). The 17 analyses are discordant but define a single 
population without inheritance and a lower intercept age of 
0.61 ± 0.03 Ma (MSWD = 2.5).

862AZ (Debris Avalanche)  Seventeen zircon grains were 
selected for U-Th-Pb analysis from the plutonic clast 862AZ 
(Fig. 8l). The 17 analyses are discordant but define a single 

Fig. 6   a–g Zircon REE normalised to chondrite, normalisation values 
from McDonough and Sun (1995); h Ti vs Zr/Hf; i U vs Zr/Hf; j zir-
con U/Yb vs Hf tectonomagmatic discrimination diagram of Grimes 
et al. (2015), samples plot in the enriched mantle source region of the 
overlapping Iceland and Hawai’i fields; plutonic clasts 862A7 and 
862AZ plot along a parental melt fractionation trend from the vol-
canic rocks. Trace elements expressed in ppm. *Samples of the same 
rock types that extend the compositional range are also included in 
Fig. 4 (cf. Chamberlain et al. 2020 and references therein)

◂

Fig. 7   Zircon isotope compositions. a εHf; b δ18O (mantle values 
marked as a grey band from Valley 2003)
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population without inheritance and a lower intersection age 
of 1.21 ± 0.10 Ma (MSWD = 6.6).

Zircon intensive variables

Zircon saturation temperatures

Magma temperature and composition, specifically the 
Zr content and the M value (cation ratio (Na + K + 2Ca)/
(Al × Si)), control zircon crystallisation. Using the equa-
tions of Boehnke et al. (2013) and whole-rock XRF data, 
the Mingled Fall zircon saturation temperatures (ZST) were 
calculated as follows: scorias 710 °C; pumices from this 
study 740 °C and hotter 860–890 °C for the more evolved 
pumices of Chamberlain et al. (2020); and accidental lithic 
clasts older quartz syenite plutonic clasts, 800–840 °C, and 
younger monzonite, 740 °C, and granite, 955 °C. It should 
be remembered, however, that whole-rock Zr/Hf suggests 
neither the accidental lithic plutonic clasts—which show 
evidence of zircon fractionation—nor the juvenile volcanic 
deposits—which are mingled—represent single magma 
batches.

Ti‑in‑zircon temperatures

The similarity in the composition and ages of the volcanic 
zircons leads us to combine the data and consider them as 
one group.

The Ti-in-zircon temperatures (Watson and Harrison 
1983; Ferry and Watson 2007) were calculated for all sam-
ples with trace element data (scoria 861; pumice 606A 
and 863A; and plutonic accidental lithic clasts, 862A7, 
862AZ, 616A and 616B). Zircon grains with excessively 
high Ti, > 20 ppm, were eliminated from consideration 
because these values were attributed to microscopic inclu-
sions of Ti–rich minerals such as Fe-Ti oxides and titan-
ite (cf., Fu et al. 2008). Silica activity a(SiO2) of 1.0 was 
used for the volcanic and plutonic accidental lithic clasts 
calculations because the granitoids, syenites and pumice 
all contain quartz. Rutile is not present in the Ascension 
rocks, and titanomagnetite is more abundant than ilmenite 
(e.g., Harris 1986; Chamberlain et al. 2016, 2019). So, a 
moderate a(TiO2) may be inferred because ilmenite crys-
tallises in place of magnetite if Ti is readily available in 
an Fe-rich system (Buddington and Lindsley 1964). Using 
the only available magnetite-ilmenite pairs from Mingled 
Fall scoria (Chamberlain et  al. 2020), the equations of 
Ghiorso and Evans (2008) gave a a(TiO2) = ~ 0.5 (range 
0.48–0.59). Similarly, Chamberlain et  al. (2016) calcu-
lated a a(TiO2) = 0.37 (range 0.32–0.4) for a zoned pum-
ice fall from the Eastern Felsic Complex (Fig. 1). Using 
the Chamberlain et al. (2020) values, average Ti-in-zircon 
temperatures were calculated for the zircon in the volcanic 
deposits: 788 °C (range 650–880 °C), notably the highest 
temperatures are comparable to the ZST of the most evolved 
pumices, 860–890 °C. Note that Fe-Ti oxide thermometry 
and feldspar-melt thermometry for these and similar rocks 
from nearby outcrops (Chamberlain et al. 2019, 2020) gave 
value of 900 °C for the scoria but 800 °C for the pumice. 
For the plutonic accidental lithic clasts, a a(TiO2) = 0.55 was 
calculated using granite ilmenite-magnetite pairs from Har-
ris (1982), which gave an average Ti-in-zircon temperature 
of 786 °C (range 690–875 °C). These temperatures were 
calculated according to Ferry and Watson (2007), with pres-
sure dependence according to Ferriss et al. (2008). They are 
comparable with estimates for the formation of granitic plu-
tonic bodies at temperatures of 710–865 °C (and pressures 
of 200–300 MPa, Webster & Rebbert 2001, and references 
therein; Chamberlain et al. 2020). Independent of the exact 
numbers, it is clear that the Ti content of the zircon grains 
varies, and this is, most likely, a result of temperature vari-
ation at the time of crystallisation. Although it should be 
borne in mind that aTiO2 is a dynamic parameter also influ-
enced by melt Ti content and mineral assemblage (Fonseca 
Teixeira et al. 2023). The calculated temperature would vary 
by ~ 40° for every 0.1 variation in aTiO2.

Fig. 9   a Histograms and kernel-density curves of the zircon U-Th-Pb 
ages, all grain analyses. b Kernel-density curves of the zircon U-Th-
Pb ages of grains from the volcanic and plutonic rocks
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Oxygen fugacity

The clear positive anomaly in Ce in the zircon chondrite-
normalised diagrams reflects oxidising magmatic conditions 
as Ce+4 is preferentially incorporated into the zircon crystal 
structure relative to LREE+3 and MREE+3. Magma oxygen 
fugacities during crystallisation were calculated from zircon 
Ti, U and Ce concentrations using the calibration of Loucks 
et al. (2020); conditions were relatively oxidising, with ref-
erence to the ΔFMQ buffer: scoria is in the range + 1.75 
to + 4.02; pumices + 0.67 to + 5.07; with little difference 
between the younger, + 1.56 to + 3.35, and older, + 0.56 
to + 2.02, plutonic accidental lithic clasts. These last val-
ues are comparable to magma oxygen fugacities calculated 
from zircon in ~ 0.9 Ma pumice from an explosive-effusive 
sequence in the Eastern Felsic Complex, + 1.38 to + 3.77 
(Scarrow et al. 2023).

Discussion

Here, we combine the geochronological and compositional 
results to consider the petrogenetic processes that resulted 
in the Mingled Fall deposit, in particular, the duration of the 
magmatic system, petrogenetic source processes that gener-
ated the juvenile magma scoria and pumice volcanic rocks 
and associated accidental lithic plutonic clasts, and magma 
mingling and mineral recycling between different reservoirs 
and magmatic events.

Zircon geochronological constraints on magma 
crystallisation timing and plutonic‑volcanic links

As noted above, the zircon ages of both the volcanic depos-
its and the plutonic lithic clasts are broadly bimodal, ca. 
0.6 Ma and ca. 1.2–1.4 Ma, indicating prolonged cyclic-
ity in magmatic activity, in summary: scorias 0.63 Ma, 
0.67 Ma, 0.95 Ma, 1.34 Ma and 1.4 Ma; pumices 0.60 Ma 
and 1.36 Ma; and plutonic accidental lithic clasts 0.61 Ma, 
1.21 Ma and 1.28 Ma (Fig. 8). The validity of the new 
0.6 Ma eruption age for the Mingled Fall is reinforced by Ar/
Ar feldspar dating of pumices directly in contact with it, both 
beneath, 0.693 ± 0.047 Ma, and above, 0.591 ± 0.017 Ma 
(Preece et al. 2021).

We interpret the older dates to be zircon grains inherited 
from previous magmatic episodes. These ages are consist-
ent with the timing of several episodes of older volcanic 
activity dated in the vicinity of the Mingled Fall outcrops 
(Fig. 1) including the following: volcanic lava clasts in 
the nearby Echo Canyon explosive pumice deposits, zir-
con U-Th-Pb 1.34 ± 0.13 Ma (Scarrow et al. 2023); Green 
Mountain Road pumice, feldspar Ar/Ar, 0.918 ± 0.025 Ma 

(Preece et al. 2021); and Middleton Ridge rhyolite, Ar/Ar 
sanidine, 1.094 ± 0.012 Ma, trachyte 0.943 ± 0.007 Ma, as 
well as dykes 0.931 ± 0.014 Ma and, Ar/Ar groundmass, 
0.903 ± 0.006 Ma (Jicha et al. 2013).

Hence, whereas the new Mingled Fall pumice zircon 
record crystallisation ages of magma erupted at the surface, 
the plutonic accidental lithic clast ages reveal the timing 
and distribution of magmatism at depth. This is of relevance 
for construction of the island because crustal structure, in 
particular plutonic rocks, apparently exerted a significant 
control on fractional crystallisation of magma stored in 
small-volume reservoirs and therefore on the compositional 
range and eruptive style of volcanic deposits (Chamberlain 
et al. 2019). Based on stratigraphic mapping and Ar/Ar dated 
deposits, Preece et al. (2021) recognised two time periods of 
felsic volcanism, ~ 1 Ma to 0.5 Ma and ~ 0.10–0.05 Ma, with 
older volcanism predominantly found in the Central Felsic 
Complex and younger volcanic activity largely confined to 
the Eastern Felsic Complex (Fig. 1). However, there is less 
evidence for magmatic separation at depth. Distribution of 
the early magmatism such as the new > 1 Ma ages for acci-
dental lithic clasts at Echo Canyon (Fig. 1, Scarrow et al. 
2023) indicates a plutonic core conditioned magma ascent 
and differentiation in the east of the island throughout its 
history, as proposed by Chamberlain et al. (2019).

Furthermore, our new geochronological results shed 
light on the conundrum of whether plutons preserve magma 
equivalent to that erupted during volcanic events but solidi-
fied at depth (e.g., Metcalf 2004; Miller et al. 2011; Kel-
ler et al. 2015; Lipman and Bachmann 2015; Scarrow et al. 
2022) or are remnants of the magma source tapped during 
the volcanic activity (e.g., Bachmann and Bergantz 2004; 
Eichelberger et al. 2006; Gelman et al. 2014; Glazner et al. 
2015; Lundstrom and Glazner 2016; Cashman et al. 2017). 
Here, the answer appears to be both, even during the same 
eruption. Only one of the young plutonic clasts, 616A, lies 
on the extension of the volcanic rock whole-rock major 
and trace element fractionation trends (Fig. 3), interpreted 
to record ‘unerupted volcanic magma’. The other plutonic 
clasts, both those that are coeval with the volcanic activ-
ity, ~ 0.6 Ma and the older ones ~ 1.3 Ma, are composition-
ally displaced consistent with mineral accumulation, for 
example higher Al2O3, K2O and Na2O as well as Sr values 
suggesting additional alkali feldspar, preserving remnant 
source rocks.

Zircon compositional indications of magma source, 
oxidation conditions, relative crystallisation timing 
and tectonomagmatic context

The Mingled Fall zircon Hf isotope compositions are het-
erogeneous, ranging up to > 10 εHf units in a single sample 
(Fig. 7A), varying from enriched low values (εHf, < 3) to 
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near depleted mantle compositions (εHf, > 15) (Pettingill 
and Patchett 1981; Hawkesworth et al. 2010). As with age 
and trace element results, scoria 861 has the greatest vari-
ation in εHf of the volcanic samples, albeit still within the 
full range of the plutonic accidental lithic clast zircon values. 
The lack of correlation between εHf and δ18O, differentia-
tion (Zr/Hf), age and Ti content suggests εHf is a primary 
magmatic characteristic reflecting magma source variation. 
Parallel chondrite-normalised trace element concentrations 
(Fig. 6a–g) are indicative of crystallisation from a single 
magma that had a uniform trace element composition but at 
the same time presumably preserved isotopic heterogenei-
ties. Comparable broad ranges of εHf were noted in mod-
ern island arc rocks by Dhuime et al. (2011) with similar 
diversity detected in alkaline rocks attributed to recycling of 
subducted oceanic or continental crustal material into source 
reservoirs (Zhu et al. 2017).

The Mingled Fall zircon chondite-normalised positive 
Ce/Ce* anomalies (Fig.  6a–g) are parallel-subparallel, 
with similar magnitude and shape across multiple zircon 
grains, recording primary oxidising magmatic conditions 
(cf., Kelley and Cottrell 2009): displaced relative to the 
ΔFMQ buffer by + 1.75 to + 4.02 for the scoria and + 0.67 
to + 5.07 for the pumices. On the other hand, for all samples 
except scoria 861, which also has the most varied age pro-
file (Fig. 8), the zircon Eu/Eu* anomalies are negative, and 
parallel, interpreted to be an artefact of early plagioclase 
fractionation under more reducing conditions before zircon 
crystallised (cf., Trail et al. 2012). So, the oxygen fugacity 
of the magma apparently changed as the magmatic system 
evolved potentially placing constraints on the relative timing 
of zircon in the alkaline magmatic system as late stage (cf., 
Linnen and Keppler 2002; Schmitt et al. 2023), after implied 
meteoric water or seawater involvement. Specifically, the 
heterogenous low zircon δ18O values (Fig. 7B), < 4.7‰, 
indicate incorporation of high-T, > 300 °C, marine or mete-
oric water, most likely by assimilation of hydrothermally 
altered oceanic crust—perhaps driven by latent heat of crys-
tallisation of major mineral phases—prior to crystallisation 
of at least some of the accessory zircon grains (cf., Adams 
1996; Bindeman and Valley 2001; Carley et al. 2014; Jo 
et al. 2016; Scarrow et al. 2022, 2023).

Tectonomagmatic setting plays a role in determining 
certain zircon trace element concentrations (Grimes et al. 
2015). The intraplate oceanic setting of Ascension Island, 
50 km south of the Ascension Fracture Zone and ~ 100 km 
west of the Mid-Atlantic Ridge, has been linked to both 
anomalously enriched MORB (Paulick et al. 2010) and a low 
flux, shallow plume (Gaherty and Dunn 2007). Zircon U/Yb 
and Hf compositions plot in the Grimes et al. (2015) ‘crus-
tal input or enriched mantle source’ Iceland and Hawai’i 
hotspot fields. Some zircon grains principally from the 
plutonic clast, 862A7, extend to more evolved, higher Hf, 

compositions along a magmatic fractionation trend from the 
main dataset (Fig. 6j). Crustal input is ruled out, however, 
by the mantle or lower δ18O values, whereas the enriched 
source component interpretation is supported by Nb/Yb val-
ues that are generally greater than 0.01 (Grimes et al 2015).

Zircon compositional and geochronological 
evidence for magma mingling

Several lines of evidence lead us to conclude that zircon in 
the scoria was inherited from the pumice magma. First, this 
is consistent with the whole-rock and major mineral phase 
compositions, which indicate open system processes, such 
as a continuum between scoria and pumice compositions 
(Fig. 4) and complex macrocyst cargoes and disequilibrium 
textures observed in feldspar, clinopyroxene, forsteritic 
olivine, and Fe-Ti oxides (Chamberlain et al. 2020). These 
features led those authors to propose derivation of the scoria 
from multiple sources. Parenthetically, indications of crys-
tal populations scavenged from pre-existing magmas and 
plutonic rock bodies highlight the importance of identify-
ing true, equilibrium, minerals for thermobarometric stud-
ies. The preservation of complex mafic and felsic interac-
tions in textures, felsic glass selvedge rims and the lack of 
overgrowth rims on plagioclase and clinopyroxene grains 
in disequilibrium with the scoria trachybasaltic whole-rock 
composition indicates that mechanical mingling was late-
stage, i.e., just a few hours before eruption (Chamberlain 
et al. 2020) which is particularly relevant for hazard and risk 
assessment related to future eruptions. The evidence of rapid 
cooling is consistent with inhibition of zircon dissolution 
and its preservation in the mafic melts (cf., Bea et al. 2007; 
Bea and Montero 2013).

The second line of evidence that the zircon in the scoria 
was inherited from the pumice magma is the scoria whole-
rock zircon saturation temperatures (ZST) of ~ 700 °C; these 
are cooler than the 900 °C temperature calculated by Fe-Ti 
oxide and feldspar-melt thermometry (Chamberlain et al. 
2019, 2020), indicating the mafic magma was zircon under-
saturated when it crystallised. Pumice whole-rock ZST, on 
the other hand, are hotter, ~ 880 °C, than the corresponding 
Ti-in-zircon crystallisation temperatures of 780 to 850 °C, 
indicating zircon saturation. It is also notable that the sco-
ria Ti-in-zircon temperatures are the same as those for the 
pumice, not hotter, e.g., ~ 900 °C, as would be expected if the 
zircon had crystallised from a more mafic magma. A caveat 
in interpretation of ZSTs is the presence of Zr-poor macro-
crysts in volcanic rocks which may lead to an underestima-
tion of melt Zr and so the ZSTs (Harrison et al. 2007). Con-
versely, an accumulation of ante- or xenocrystic zircon may 
result in an increase in ZSTs, e.g., a 500-ppm increase in Zr 
would raise the calculated temperature by ~ 80 °C. Even con-
sidering this potential artefact, the scoria ZSTs would still 
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fall below the crystallisation temperatures, indicating under-
saturation. In any case, the predominantly glassy textures of 
both the Mingled Fall scoria and pumice (5–10 modal% and 
5 modal% macrocrysts, respectively) attest to the validity of 
the calculated volcanic ZSTs.

Thirdly, and apparently paradoxically, as noted above the 
scoria, zircon grains have more scattered ages. In addition to 
the plotted geochronological data (Figs. 8 and 9), the scoria 
also contained grains with older, dispersed ages. Moreover, 
zircon from the scoria has the most heterogeneous trace ele-
ment compositions (Fig. 6). This paradox may be explained 
if the mafic magma incorporated extraneous crystals not 
only from the rhyolitic end member, but also from other 
preexisting plutonic and volcanic rocks, because its ascent 
was more erosive, because it was hotter and more explosive, 
than the immediately preceding felsic eruption. Comparable 
heterogeneity is observed in the scoria macrocryst mineral 
phases (Chamberlain et al. 2020). Notably, the scoria is 
more vesicular, 40–50 modal%, than the pumices, 30–40 
modal%. Accordingly, although centimetric-scale plutonic 
clasts are present in pumice and scoria from both outcrops, 
they are appreciably more abundant in the latter. As during 
the ~ 0.95 Ma Echo Canyon felsic explosive-effusive erup-
tion to the east of the Mingled Fall (Fig. 1, Scarrow et al. 
2023), most lithic material was apparently mobilised from 
the volcanic edifice and sub-volcanic plutonic system via 
increased energy during the eruptive paroxysm.

Finally, zircon trace element concentrations also record 
evidence of mingling (e.g., Figure 6h, i). Similarities exist 
between trends in the age data and Zr/Hf differentiation 
index ranges in the volcanic rock zircon grains. Pumice 
606A has one single 0.6 Ma zircon age population and the 
most restricted Zr/Hf range, apparently crystallised from 
the same rhyolitic magma. On the other hand, the scoria 
861 zircon, that records variable age populations, 0.6 Ma 
and 1.2 Ma, also has the broadest volcanic range in Zr/Hf. 
Only the 0.6 Ma monzonite accidental lithic clast, 862A7, 
has a more extensive range of zircon Zr/Hf values than the 
scoria, which is consistent with the plutonic accidental lithic 
clast recording syn-volcanic preservation of composition-
ally diverse magma at depth. A similar, albeit somewhat 
more limited, variation in zircon Zr/Hf is also preserved 
in the quartz syenite 862AZ. Thus, we suggest that the 
restricted zircon compositional range in 606A records the 
zircon crystallised from the contemporaneous gabbro-melt 
rhyolite magma, whereas the broader range in other volcanic 
rocks reflects exotic grains scavenged from the plutonic or 
past active melt systems and, perhaps other as yet unidenti-
fied, components. Some compositional characteristics, for 
example higher U in plutonic clast 862A7 than any other 
sample (Fig. 6i), suggest it may be possible to unravel the 
source to sink path of individual grains. Although beyond 

the scope of the current study, this possibility merits further 
investigation.

Petrogenetic model for the Mingled Fall 
magmatic processes

Field observations are combined with whole-rock geochemi-
cal and petrographic compositions, major phase mineral data 
(Chamberlain et al. 2020) and new zircon ages, isotope and 
trace element chemistry to decipher timing of magma stor-
age, source character and magma mingling. The main stages 
of the petrogenetic model are summarised below; numbers 
refer to Fig. 10.

1.	 The generation of significant melt to create plutons, ca. 
1.3–1.2 Ma, recorded in accidental lithic clasts erupted 
at the Mingled Fall outcrops, confirms widespread felsic 
magmatism during the early history of central Ascension 
Island. There are no (remaining) volcanic deposits of 
this age, but coeval felsic volcanism is found elsewhere 
on the island (Jicha et al. 2013; Preece et al. 2021).

2.	 Mantle melting led to crystallisation of mafic magma as 
lower crustal gabbro; this subsequently melted to pro-
duce evolved rhyolitic melts, inferred to have formed 
shortly before crystallisation, at ca. 0.6 Ma. This process 
also involved the assimilation of high-T hydrothermally 
altered country rock prior to accessory mineral crystal-
lisation, as recorded in zircon O isotopes.

3.	 Zircon crystallisation from felsic magmas at 0.60 Ma 
is recorded in both the accidental plutonic lithic clasts 
formed at depth and the erupted juvenile volcanic pum-
ice. Trace element compositions indicate an enriched 
mantle source, and although no clear continental crustal 
component was detected in the zircon O isotopes, the 
zircon Hf isotopes are intermediate between depleted 
mantle and enriched source values.

4.	 Intrusion of volatile-rich mafic, mantle-derived, magma 
into the felsic melt which resulted in mingling—indi-
cated by field characteristics, major mineral phase dise-
quilibrium (Chamberlain et al. 2020) and recorded in the 
scoria by zircon with comparable age and composition 
to the rhyolite, pumice, magma. This mingling triggered 
the explosive eruptive process.

5.	 Compositional stratification resulted from the early stage 
of the eruption tapping more evolved magmas, produc-
ing pumice, then the later stage of the eruption, scoria, 
with mineralogical evidence of mingling between the 
two.

Questions remain regarding the conditions that led to 
the eruption of both mafic and felsic melts in the specific 
instance of the Mingled Fall. Does this reflect a stochastic 
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process, where only a small proportion of mafic pulses ran-
domly encounter an active felsic melt pocket, triggering an 
eruption? Alternatively, could other, more systematic pro-
cesses—related to either rhyolite generation, basalt ascent, 

or both—be involved? Looking ahead to future work, tar-
geted research on this topic could result in deeper under-
standing of the hazards associated with volcanism on remote 
ocean islands.

Fig. 10   Schematic representation of the chronology and processes 
in the Mingled Fall magmatic system. Key aspects are labelled with 
numbers relating to the text section ‘Petrogenetic model for the Min-
gled Fall magmatic processes’. The crustal cross-section highlights 
mantle input, the depth of melt evolution and the proposed position of 
previous eruptive products relative to the Debris Avalanche and Mid-
dleton Ridge stratigraphic sequence. Hydrothermal alteration path-

ways are represented by irregular vertical blue lines. The magma sys-
tem shows a variation in wt% SiO2 and zircon age ranges. The zoom 
lens shows the interaction between the felsic and mafic magma and 
highlights the exsolution volatiles. Zircon colour ages are schematic. 
The erupted Mingled Fall stratigraphy summarises the explosive 
evacuation of the mingled magma reservoir, first dominantly pumice 
then scoria. Not to vertical scale
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Conclusions and implications
Analysis of zircon ages and compositions from the pumice 
and scoria of a mingled fall on Ascension Island has pro-
vided valuable insights into magmatic history and processes 
that could not be obtained from whole-rock compositions 
or major mineral phase chemistry alone. Zircon U-Th-Pb 
ages reveal prolonged, cyclical, magmatic activity with 
bimodal crystallisation ages, at ~ 1.3 Ma and ~ 0.6 Ma. These 
results underscore the largely untapped potential of U-Th-Pb 
SHRIMP dating to determine the ages of zircon in recent 
Quaternary volcanic rocks.

The zircon isotopic and trace element compositions 
reveal the enriched character of magmatic source and vari-
able redox conditions during crystallisation. Our O isotope 
data suggest that assimilation of hydrothermally altered oce-
anic crust by mantle-derived magmas with heterogeneous 
Hf isotope values occurred prior to zircon crystallisation. 
Additionally, varying zircon Ce and Eu anomalies indicate 
a transition in the magma oxidation state from reducing to 
more oxidising over time.

Geochronological and compositional constraints com-
bined with intensive variables are consistent with explosive 
eruption of lower crustal gabbro-melt rhyolitic magma being 
triggered by mingling with mafic mantle-derived magma. 
This interaction is recorded in zircon grains preserved in the 
Mingled Fall pumice and scoria.

In addition, the eruption of the Mingled Fall was at 
0.6 Ma and older magmatism points to a cyclicity of 0.6 Ma, 
so caution is warranted. Given recent Ar/Ar basalt ground-
mass dating (Preece et al. 2018) has identified the island’s 
magmatic system as active, ~ 500 years old; ongoing detailed 
studies of the volcanism are particularly pertinent.

Deciphering crystal provenance and residence times 
not only constrains past magmatic timescales, duration 
and cyclicity, but also informs potential future activity by 
enhancing understanding of magma source characteristics, 
pre-eruptive processes and sub-volcanic melt distribution 
which is important for efficient volcanic hazard monitoring.
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