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Abstract

Dominica has experienced multiple veluminous explosive intermediate eruptions within the last 250 kyrs. We
present >175 U-Th ages and'trace element compositions from ignimbrite zircon surfaces to characterize eruptive
history and reservoir evolutionaZircon crystallization appears periodic and ranges from secular equilibrium to near
eruption age. There is no discernible island-wide time progression of eruptions and there is an apparent volcanic
hiatus between ~200 ka and 70 ka. We establish a new youngest constraint on northern volcanism of ~18 ka.
Calculated Ti-in-zircon temperatures (570-620°C) sit near or below the wet granite solidus. Hf concentrations range
from 2200-18,000 ppm. The low temperatures and low Hf can only be reconciled if zircon crystallized in a less
evolved melt at high water concentrations (e.g., 8 wt% H,0) and lower crustal depths (e.g., 28 km, 750 MPa).
Discrepancies between low zircon crystallization temperatures and high Fe-Ti oxide eruption temperatures (700-
890°C) require rapid entrainment of zircon from a long-lived trans-crustal mush reservoir.
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Non-technical summary

Dominica has a large number of volcanoes, an active hydrothermal system, and experiences periodic swarms of
earthquakes across the island, so it has a high likelihood of erupting in the future. Many of the past eruptions have
been quite large and explosive, so we investigated the timing of the eruptions across the island to better inform
hazard potential. To constrain the eruptive history, we analyzed the surfaces of zircon, a robust mineral that could
be found in volcanic deposits and dated. We determined that explosive volcanism in northern Dominica was much
younger than previously known by ~25,000 years. We also found evidence of older volcanism in northern Dominica
(>200,000 years) and that there was a long period of time (>100,000 years) in which no eruptions occurred
anywhere on the island. When eruptions resumed, there were explosive eruptions.from many different vents. We
were also interested in the magma system beneath the volcano and where the magmas grew and were stored. Their

zircon is consistent with an origin that was deep and wet.
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Introduction

In volcanic arc systems, there is abundant evidence for trans-crustal, vertically protracted magma
reservoirs, consisting of crystal-rich, near sub-solidus temperature lenses or sills/dykes that get remobilized and
mixed prior to eruption (e.g., Annen et al., 2015; Cashman et al., 2017; Edmonds et al., 2019). Geothermometry,
barometry, hygrometry, and melt inclusions are often used to assess the depth, temperature, and volatile content of
these systems and provide a snapshot of conditions at a particular time. Zircon can provide a complementary
thermochemical record to assess magma chamber dynamics, particularly with respect to crystallization history.
28U-29Th disequilibrium dating of zircon, coupled with trace element and/or temperature information, can yield
insight into reservoir longevity, protracted crystal growth, and processes of arc systems (Charlier et al., 2005;
Claiborne et al., 2010; Klemetti & Clynne, 2014; Rubin et al., 2017; Schmitt et al., 2010; Stelten & Cooper, 2012).
By targeting the unpolished surfaces of zircons, we can extract information about the conditions under which the
zircon last grew prior to transport to the surface and eruption and constrain a maximum eruption age. Heterogeneous
zircon surface ages and chemistry can provide evidence for unique thermal histories and crystallization prior to
mobilization and mixing en route to the surfaceserg., Claiborne et al., 2010, 2018; Frey et al., 2018; Howe et al.,
2015; Schlieder et al., 2025; Storm et al., 2012.

We previously reported 65:U-Th zireon surface dates for ignimbrites within the Roseau Valley of Dominica
(Frey et al. 2018), the most populous region in the country. We documented multiple eruption events, including a
Holocene eruption, and established that there were discrete crystallization events punctuated by hiatuses. In this
study, we present 116 new U-Th ages of zircon surfaces, which help to refine (or define) the eruption age(s) of
several other ignimbrites across the island, as well as periods of crystallization in the magmatic system beneath
Dominica. We also report trace element compositions of zircons from both datasets, which allow us to interrogate
the temperature and evolution of the plumbing system, complementing prior work which suggests repeated partial

melting events and magma storage at different depths.
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Geologic background

The Lesser Antilles in the Caribbean has been the site of significant historic volcanism, including effusive-
explosive eruptions on St. Vincent from 2020-2021 and the current unrest and 1995-2013 eruptions in Monserrat.
In 1902, ~31,000 people perished from the devesating eruptions of Mt. Pelee, Martinique and Soufriere, St.
Vincent. However, the island with the highest volcanic hazard potential is Dominica, with some volume estimates
of individual explosive eruptions on Dominica up to 10 km?, an order of magnitude larger than those on neighboring
islands (Boudon et al., 2017; Lindsay, Smith, et al., 2005; Wadge & Shepherd, 1984). The volcanism in Dominica
is also young, with nine volcanic centers that are Pleistocene or younger in age (Fig. 1; Lindsay, Trumbull, et al.,
2005).

As a result of the underlying young magmatic system (<Pleistocene), Dominica features more than 30
hydro/geothermal areas (Smith et al., 2013) and experiences=frequent seismic activity. Since continuous
instrumental monitoring of earthquakes began in 1953 by the Seismic Research Center of the University of the
West Indies (UWI-SRC), there have been numerousysignificant seismic swarms of shallow, small earthquakes
(M<4.0), predominantly in southern Dominica (e7g:, Morne Plat Pays region; (Lindsay, Smith, et al., 2005)), with
more recent additional activity in the northerniMorne aux Diables region and in central Dominica between Morne
Trois Pitons and Morne Watt (Pers: Commydoseph). The recent unrest has been attributed to magmatic movement,
although pressure changes related,to magma crystallization or degassing (or some combination thereof) are also
plausible. The magmatic systém underlying Dominica is active and presents an ongoing hazard to the island and
region.

In 2005, a series of Dominica volcanic hazard assessment maps were published (Fig. 1), based on past
volcanic activity, seismicity, and geothermal activity (Lindsay, Smith, et al., 2005). Six eruptive scenarios were
explored, with a phreatic eruption in the Valley of Desolation deemed the most probable. Least likely was a dome

forming eruption in northern Dominica at Morne aux Diables, presumably owing to older (>1.5 Ma) measured lava
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dome K-Ar ages (Bellon, 1988; Monjaret, 1985). Previous interpretation of the geochronology of the lava domes
on Dominica suggested that crystallization/magmatic foci migrated from north to south over time (Howe et al.,
2015). However, since that time, there have been additional geochronology studies (Boudon et al., 2017; Frey et
al.,2018; Howe etal., 2014, 2015), including this work, and recent seismic swarms that may warrant a reevaluation

of hazard assessments, particularly in northern Dominica.

Eruptive History

Dominica is comprised nearly entirely of volcanic material and many of the towns, including the capital
city of Roseau (pop. ~15,000) in central Dominica and Portsmouth (pop. ~3600) and the Ross University School
of Medicine (pop. ~3500) in northern Dominica, are built on old intermediate composition (andesite-dacite)
pyroclastic flow deposits associated with different volcanic centers/ventsiacross the island. The older centers are
restricted to the north and include the lava domes of Morne aux Diables (MAD) and the stratovolcano of Morne
Diablotins (Howe et al., 2015; Smith et al., 2013) (Fig. 1). Morne Trois-Pitons and Micotrin dominate the central
portion of the island, with several smaller domes/vents located to the south. The southernmost and youngest lava
dome complex is Plat Pays, with Morne Patetes dated at 510 + 93 yrs BP (Roobol et al., 1983).

There are explosive deposits (predominantly from pyroclastic density currents) associated with each of
these volcanic centers and their eruption ages have been variously constrained in previous studies from charcoal
within the deposits (or overlyingstratigraphy) by *C accelerator mass spectrometry (AMS) dating and U-Th and
(U-Th)/He dating of zircons (Table 1; Fig. 2). Minimum ages of the northern ignimbrite deposits include >46 ka
for Morne aux Diables (Smith et al., 2013); >22 ka for Grande Savane (Sparks et al., 1980) and >40 ka for Layou
(Wadge, 1989). The eruption age of the Layou ignimbrite was further refined to 65 + 5 ka by a (U-Th)/He zircon
age (Howe et al., 2014) and a *C age of 50,598 + 5590 BP (Boudon et al., 2017). More extensive work has been
done on the >200 m thick deposits within the Roseau valley of central Dominica, origin of voluminous eruptions

(>58 km?®) that blanketed nearby Caribbean islands and the eastern Caribbean Sea in ash (Carey & Sigurdsson,
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1980; Sigurdsson, 1972). The “Roseau Tuff” is now recognized to be comprised of multiple events, spanning ~40
kyr (Boudon et al., 2017; Frey et al., 2018; Howe et al., 2014; Smith et al., 2013). The youngest reported U-Th/He
zircon age was 24.5 + 2 ka (Howe et al., 2014), but significantly younger U-Th zircon (2.6 + 8 ka; Frey et al. 2018)
and '“C dates (~9-12 ka BP; Boudon et al, 2017) have since been reported. These younger ages appear to be
restricted to smaller volume (<1 km?) airfall deposits (Boudon et al., 2017). The southernmost ignimbrites, found
near Grand Bay along the coast near Berekua, have yielded '*C ages between 30 and 39 ka (Lindsay, Trumbull, et
al., 2005), whereas Howe et al. (2014) reported an older eruption age of 62.6 + 4 ka via apatite (U-Th)/He. The
most recent eruptions in Dominica were phreatic eruptions in the Valley of Desolatien in 1880 and 1997 (Lindsay,
Smith, et al., 2005), which also experiences periodic drastic changes in the level of Boiling Lake, owing to an active

hydrothermal system (Joseph et al., 2011, 2019).

Source of Ignimbrites

The origin of the various ignimbrites (Fig. 2) has/been explored by several researchers on the basis of field
observations, geochemistry, and mineral assemblages. The eruptive sequences in northernmost Dominica
associated with Morne aux Diables have been broadly mapped as Lower to Upper Pleistocene and interpreted as
emanating from a distinct small magma reservoir, whereas the other ignimbrites have been proposed to originate
from an island-wide batholith underlying'central and southern Dominica (Smith et al., 2013). The Pointe Ronde
deposits on the northwest coast have not been explored in detail, but have been inferred to be from Morne Diablotins
based on geographical constraints (Sparks et al., 1980). Deposits from Grande Savane represent two distinctive
eruptions (one amphibole-bearing), but both are also attributed to Morne Diablotins (Smith et al., 2013; Boudon et
al., 2017). The Layou ignimbrite was once considered part of the Roseau Tuff (Carey and Sigurdsson, 1980), but
later determined to be a separate eruptive sequence based on geochemistry (Smith et al., 2013; Howe et al., 2014).
Owing to the lack of definitive up-valley outcrops and the presence of significant amphibole (similar to one of the

Grande Savane units), Boudon et al. (2017) suggested an origin of Morne Diablotins for the Layou Ignimbrite. The
6
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various eruptions in the Roseau Valley have been attributed to a buried caldera (by Micotrin volcano) at Wotten
Waven proposed by Demange et al. (1985), and supported by subsequent studies (Lindsay et al., 2005; Smith et
al., 2013). Boudon et al. (2017) confirmed an origin within the Morne Trois Pitons-Micotrin summit region. The
southern ignimbrite sequences at Grand Bay were initially associated with the Plat Pays complex on the southern
coast based on mineralogy and topography (Lindsay et al., 2003), but was later attibuted to the buried Wotten
Waven caldera (Lindsay, Smith, et al., 2005; Smith et al., 2013) and/or Morne Trois Pitons-Micotrin region

(Boudon et al., 2017).

Magma plumbing system

The source of magma feeding the crystal-rich andesite-dacite effusive lava dome eruptions and explosive
deposits has been hypothesized as a two-magma chamber system, beneath Dominica, consisting of an Upper
Pliocene/Lower Pleistocene smaller, shallower chamber beneath Morne aux Diables in the north and an Upper
Pleistocene/Holocene mid-crustal batholith beneath the rést of the island (Smith et al., 2013). The main batholith
is suggested to have formed from an amalgamation of smaller reservoirs based on the homogeneity of bulk rock
major and trace element chemistry, coupled,withsheterogeneous mineral chemistry and crystal cargo (Smith et al.,
2013). Prior to the andesite-dacite magmatism that has proliferated over the last several hundred thousand years,
effusive mafic (basalt to basaltic-andesite)lavas were dominant from ~7-2 Ma (Bellon, 1988; Monjaret, 1985). The
younger basalts (~2.2 Ma) are restricted to the Foundland Center in the southeastern tip of the island, whereas older
mafic lavas are found beneath intermediate ignimbrite deposits on the eastern and western sides of the island.

Crustal structure and potential reservoir depths beneath Dominica was reconstructed using an inversion of
seismic receiver functions and petrology of crustal xenoliths to create a seismic velocity profile (Melekhova et al.,
2019). Total crustal thickness is ~38 km, with a mid-crustal discontinuity ~13 km depth (Melekhova et al., 2019),
as constrained by geobarometry of olivine hornblende gabbro crustal xenoliths that yielded a pressure of 200-350

MPa (Ziberna et al., 2017). In contrast, melt inclusions in orthopyroxenes from northern and central ignimbrites
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had volatile contents 4.5-7.6 wt% H»O and calculated pressures up to 750 MPa or ~28 km (Balcone-Boissard et
al., 2018). Experimental studies which reproduced phase assemblages and compositions of Layou and Roseau
pumice samples yielded pressures of ~400 MPa (~16 km depth) and 7-8 wt% melt H>O (Solaro et al., 2019). Studies
of volatiles in melt inclusions from younger (<20 ka), smaller Plinian eruptions in central Dominica estimated
storage pressures ~50-200 MPa, corresponding to a depth of 2-8 km in the upper crust (d’Augustin et al., 2020).
Collectively, these studies support a trans-crustal magmatic reservoir, with magmas originating in the lower crust
and being stored at variable depths at potentially subsolidus conditions, requiring reheating and remobilization
prior to eruption.

Methods

In the field, pumice clasts were collected from 12 unconsolidated.dgnimbrite deposits and 2 welded tuffs
from throughout the island for zircon extraction (Fig. 2). Due to lewszir¢on yield, multiple pumice clasts from each
unit were processed in a jaw crusher and disc mill to liberate crystals from the groundmass. A water table was not
used for density separation, owing to the scarcity of zircons and high glass content of the samples, but all samples
were decanted in water prior to magnetic separationand density separation by heavy liquids (tetrabromoethane and
methylene iodide). From the extracted zircons, crystals were handpicked from each sample under a binocular
microscope, and grains with a euhedral morphology were preferentially targeted as some ignimbrites have rare
xenocrystic, detrital zircons (Frey et al., 2024). Since crystal surfaces were being targeted for analysis,
cathodoluminescence imaging of'the zircons was not done.

All zircons were analyzed for age and trace element analyses by sensitive high resolution ion microprobe
reverse geometry (SHRIMP-RG) at the Stanford-USGS Microanalytical Center, following procedures defined in
Claiborne et al., 2010; Klemetti & Clynne, 2014 and summarized in the supplementary material. Zircons were
rinsed in dilute HF for 10-15 seconds to remove adhering glass and pressed into indium metal mounts for

unpolished surface analyses. Given the presumed young age of the samples, 2*®U-**"Th analyses were performed.
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Care was taken to analyze flat surfaces close to the terminus of the crystal to capture the youngest age recorded by
the zircon and the surface that was in contact with the melt. More than 200 zircons were analyzed, with a small
fraction (~15 %) yielding ages in secular equilibrium (>350 ka), particularly from the northern units. These older
units and additional zircons were further investigated by U-Pb dating at University of Arizona’s Laserchron Center
and discussed in Frey et al. (2024). A sub-set of the young zircons from the Roseau Valley was previously reported
by Frey et al. (2018).

Model ages were calculated using the whole-rock 2**U/**Th and *°Th/*Th ratios reported by Howe et al.
(2015) for Dominica, with »°Th/**¥U ratio between 0.99 and 1.03 for six samples island-wide. We assumed a
constant melt composition and that the zircons were derived from the melt. The veracity of such an assumption was
tested by Moser et al. (2026) who compared calculated U-Th model ages‘using a constant melt composition to
using a constant zircon-melt U/Th fractionation factor. Their studystecommends that one should evaluate whether
the whole rock represents the glass forming melt by comparison with'the youngest isochron intercept on the secular
equilibrium line. Because our youngest isochrons overlapped with the whole rock isotopic composition (e.g., Fig.
3A and 3G), we used a constant melt compositiontto anchor the calculated isochrons. In Figure 2, model ages are
plotted in standard rank file form with a kernel density estimate created using Mathematica's "SmoothHistogram"
function. Model age errors are determinedibased on the analytical uncertainty of isotope ratios used in generating
the slope of the isochron, so U-Thimodel age errors are not symmetric and should not be treated as such for accurate
modeling. In Fig. 2, isochron glope values have been converted to age. Populations (denoted as vertical black lines
with gray 1-sigma error bars in Fig. 2) are derived from mixing models as described in Frey et al. (2018), based on
the work of Sambridge & Compston (1994). The minimum number of populations within a given dataset is
determined if adding an additional population does not improve the relative model misfit by more than 2% (Frey

etal., 2018).
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Fig. 3 features additional data visualizations for select samples made in IsoplotR (Vermeesch, 2018),
including isochron plots and radial plots, with all sample age visualizations available in the supplementary material.
In the isochron plots, age is a function of the slope, anchored by the initial U-Th composition of the melt, with
steeper slopes approaching secular equilibrium. In the radial plots, the age is also a function of slope, but analyses
are weighted by their errors; more precise analyses plot further from the origin. By incorporating the errors, we can
statistically determine whether datapoints are consistent with a single age population or represent a more complex
crystallization history, as described in the supplementary material. The relatively large errors on the model ages
are a consequence of U-poor (<200 ppm) zircons. Isochron, radial, and kernel density plots as output from IsoplotR
for all samples are in supplementary Figure 1. Complete analytical results of:ithe U<Fh analyses and uncertainties,
as constrained by zircon standard Early Bishop Tuff (EBT), are compiled in the supplementary data tables.

Trace elements were analyzed in a separate analytical session on the SHRIMP-RG on the crystal surfaces
of nearly all zircons that were dated, adjacent to each U-Th age spotyirrespective of whether a viable U-Th age was
obtained. Analyses included measurements of “Ti", #Tiy, °Fe, Y-, ¥La, °Ce-, *!Pr, Nd-, ¥'Smr, '**Eu,
15Gd-, Dy0Or, 2ErOr, 8YbO", PSHfO", 2**ThOy,and »*U". Complete analyses and analytical uncertainties of
trace element measurements, as constrained by zircon standard MAD-559, are provided in the supplementary
material.

The Ti-in-zircon thermometer (Ferry & Watson, 2007) is used to constrain the crystallization temperature
of the zircons (Table 2). Since'quartz is not present in the samples, asio2 < 1 and we assign a value of 0.8. The ario2
used is 0.65-0.7, based on fO, calculated from co-existing Fe-Ti oxides (Ghiorso & Evans, 2008) analyzed by Frey
et al. (2018). An error of 0.2 in the activity estimates would affect zircon crystallization temperatures ~30°C, but
the relative temperatures between individual units and zircons would remain unchanged, as the melt is saturated

with a Ti-bearing phase (titanomagnetite).

10
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Zircon saturation temperatures (Table 2) were calculated using the approach detailed in Boehnke et al.
(2013) and glass compositions analyzed at Union College by scanning electron microscopy. Details are in the

supplementary material.

Results

U-Th model age geochronology

We report 116 new U-Th model ages for five andesite-dacite ignimbrites across the island, from north to
south, coupled with 65 U-Th ages for the Roseau Ignimbrites (Frey et al., 2018). All analyses were done on crystal
surfaces, and thus represent the last crystallization of the zircon prior to eruption,An additional 35 zircons were
analyzed, but ages were either in secular equilibrium (>350 ka) or there was.too little >*°Th to calculate a meaningful
age. Like many zircons in arc systems, concentrations of U in Dominican.zircons are relatively low, (25 to 778
ppm; average = 135 ppm, median = 111 ppm), thus little 2°Th s present in young crystals and the *°Th signal to
background noise can be significant, resulting in large efrors. Collectively, the data set ranges from ca. 18 ka to
secular equilibrium (at ca. 350 ka), with the youngest ages often overlapping eruption ages previously determined
by (U-Th)/He and '“C. Data is shown in rank filé and kernel density plots (Fig. 2) and isochron and radial plots
(Fig. 3). Some of the units display polymodal age distributions, with hiatuses apparent in kernel density plots and/or
significant age dispersion which suggest'a complex crystallization history prior to eruption. Populations within
each unit were determined with'mixing models (Frey et al., 2018), as described in the methods and supplementary
materials. Unlike the age progression observed in the lava domes (Howe et al., 2015), there is not a spatial-temporal
crystallization trend from north to south and each unit displays a unique crystallization history.

Morne aux Diables (MAD)

Twenty-one zircons were dated from this unit, with 14 yielding viable ages between 18 and 125 ka, forming

a broad kernel density peak with a median age of ~70 ka (Fig. 2A). The distribution of the age data could reflect
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relatively continuous crystallization or two periods of crystallization (~50 ka and ~107 ka), given the error on the
analyses. Five crystals are in secular equilibrium (Supplemental Fig. 1), which is unsurprising, as this unit has a
documented preponderance of older and xenocrystic zircons (Frey et al., 2024). A '*C age of >46 ka (Lindsay,
Smith, et al., 2005) was the only previous age for this ignimbrite, so our young zircon age of 18.2 (+7.4/-7.0) ka

is a significant addition to the eruption history in the north.

Pointe Ronde (PR)

Although this coastal unit emanating from Morne Diablotins has been mapped (Smith et al., 2013), the
only previous age constraints are U-Pb zircon ages, which show a significant population of older volcanic zircons
up to 8 Ma, as well as older xenocrystic zircons >50 Ma (Frey et al., 2024). We attempted to date 10 zircons, and
four yielded ages >200 ka with errors >70 ka, and the populationewas defined as 280 + 95 ka (Fig. 3A). The
remaining four crystals were in secular equilibrium (Fig. 3A).“Collectively, the data suggest that this unit is the

oldest ignimbrite in this study, with no ages <200 ka.

Grande Savane (GS)

Also emanating from Morne Diablotins, like the Pointe Ronde ignimbrite, Grande Savane is known to
contain older volcanic and xenocrystic zircons (Frey et al., 2024) and was constrained to be older than 22 ka by *C
dating (Sparks et al., 1980). Our U-Th dating of zircons yielded two ages >200 ka (+ 100 ka), with three more
crystals in secular equilibrium (EFig. 3B). Like Pointe Ronde, the Grande Savane Ignimbrite is an older explosive
unit >200 ka. A second locality (GS-8) was initially thought to be a Grande Savane deposit based on geographic
location, but its zircon age distribution and chemistry suggests an affinity for the Layou Ignimbrite instead, as

described below.

Layou (LV)

In contrast to the more northern ignimbrites, nearly all of the 51 U-Th zircon ages associated with three
12
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deposits from Layou are <150 ka (Fig. 2B-D). Zircons from the northernmost deposit (GS-8), located near the town
of Salisbury, span an age range of 43-166 ka, with a broad kernel density distribution that peaks at ~90 ka, with no
discernible hiatuses at the resolution of our data (Fig. 2B). However, the age dispersion could also be explained by
multiple periods of crystallization at ~72 ka and ~118 ka (Fig. 3F). Within the Layou valley, zircons from an up
valley welded tuff (L'V-7) span a narrower range, from 70-108 ka, with a comparable peak ~89 ka (Fig. 2C). Zircons
from an unconsolidated deposit (LV-1) at the mouth of the Layou River show a slightly broader distribution, with
zircon ages ranging from 46-99 ka, with a peak at ~72 ka and a single older crystal at 187 ka (Fig. 2D). The zircon
distributions for these deposits are all unimodal on the KD plots, with a single bread peak of crystallization, but
with long tails from older and younger zircons. This could reflect continuous crystallization over 40-50 kyrs or

multiple (two) periods of crystallization for the Layou ignimbrites.

Roseau (Rl)

In previously published U-Th zircon model ages'from seven locations within the Roseau Valley (Frey et
al, 2018; Howe et al., 2014), zircons ranged in age from ~6 ka to secular equilibrium and plots are shown in Fig. 2
for comparison with ignimbrites in this study. In«Contrast to the Layou deposits, the Roseau zircon kernel density
distributions are distinct between units and feature polymodal distributions and apparent crystallization hiatuses
within units (e.g., Fig 21, Fig 3H)sSeveraliof the Roseau flows feature a peak crystallization episode ~110-125 ka,
as well as older and younger populations (Fig. 2) as fully described in Frey et al. (2018) and shown in the

supplementary Figure 1.

Grand Bay (GB)
Zircons from three unconsolidated deposits in the Grand Bay area yielded 42 young zircon ages, ranging
from 43-250 ka, with an additional six crystals with ages >250 ka, and 14 that did not generate a viable result. Like

the Roseau Ignimbrites, these southern deposits have distinctive, complex polymodal age distributions (Fig. 2E-F)
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and periods of crystallization. GB-10 has a preponderance of crystals <150 ka, with an average age of ~96 ka, with
a smaller fraction of crystals yielding an older, broader peak ~194 ka (Fig. 2E; Supplementary Fig. 1). GB-11 was
a zircon-poor sample and yielded a well constrained young zircon at 67 +14/-12, and three older crystals (~150-
200 ka; Supplementary Fig. 1). GB-12 has the most complex distribution, with a population between 49-95 ka (9
zircons) and average age of 71 + 11 ka, a second population 126-208 ka (8 zircons) with an average age of 161 +
26 ka, and a third population (5) in secular equilibrium (Fig. 2F and Supplementary Fig. 1). The Grand Bay units
produce very broad multi-humped distributions, not unlike the Roseau Ignimbrites, which likely emanate from the

same location near Morne Micotrin.

Zircon trace element chemistry

Overall, trace element concentrations in the analyzed zircons'(n=220; Supplementary Table 2) span broad
ranges, with little correlation with respect to location/ignimbrite and age (Fig. 4) or grains that did not produce
viable ages. Concentrations of uranium in Dominican zircons are relatively low, 25 to 778 ppm, with an average
of 149+155 ppm (Fig. 4A). Hafnium, which is correlatedywith the extent of magma fractionation (Claiborne et al.,
2010), spans a broad range from ~2200 to ~18,000 ppm (Fig. 4B). Morne aux Diables is the only unit to display a
restricted range, ~10,000 ppm, withan average 10620 + 1281 ppm. Ti concentrations are very low, ranging from
0.4-8.4 ppm, with the bulk ranging from 13 ppm (Fig. 4C). There is no apparent correlation of Ti with unit, age or
U concentration. Yb/Gd (vs{Th/U) which has been used as a proxy for basaltic input (Barth et al., 2012; Klemetti
& Clynne, 2014) ranges from ~10-65 (Fig. 4D), with lower values more indicative of interaction with mafic
material. There is again no apparent correlation with this compositional parameter and unit or age, but the high
values suggest limited basaltic input. Eu/Eu*, which is a proxy for the extent of plagioclase crystallization prior to
zircon crystallization (Claiborne et al., 2010), ranges from 0.2 to 0.7 (Fig. 4E), with a value of 1 indicative of no
plagioclase fractionation.

Chondrite-normalized REE abundances of zircons have broadly similar patterns of steeply rising slopes from
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LREE to HREE, with variable positive Ce anomalies and negative Eu anomalies (Fig. 5). These patterns are typical
of crustally derived zircons formed under oxidizing conditions (Hoskin & Schaltegger, 2003). The older Morne
Diablotins ignimbrites (Pointe Ronde and Grande Savane) display the most variation between zircons and have
variable slopes and relative REE abundances (Fig. 5A). Some of the crystals may be in secular equilibrium and/or
xenocrysts that did not yield a U-Th age (grey lines). The younger Morne Diablotins deposits (Layou) exhibit the
most restricted compositional range and parallel trends between zircons (Fig. 5B). Parallel trends typically are
indicative of fractionation from a common source. However, there is no correlation with age and degree of
fractionation, as the oldest zircons in the Layou deposits have a moderate abundance.of REEs. The various samples
from Roseau (e.g., KH-4 in Fig. 5C) and Grand Bay have some zircons with parallel REE trends, but several

outliers.

Thermometry

Within each deposit, we can compare temperature estimates which reflect the conditions in the magma
reservoir at different stages of magma evolution. Using'the Ti-in zircon thermometer (Ferry and Watson, 2007),
we calculate the final crystallization temperature of the zircon prior to eruption. Owing to the very low Ti
concentrations (most <4 ppm), Ti-in¢zircon temperatures range from 540 to 810 °C, with the majority at 570-620°C
(Fig. 6), or temperatures typicallysconsidered subsolidus, as explored in the discussion.

Two-oxide thermometryiis based on the temperature dependent partitioning of Fe and Ti into co-existing
ilmenite and magnetite and reflects the temperature at which the eruption occurred. Previous studies estimated Fe-
Ti oxide temperatures ~700-880 °C for the various ignimbrites, with most >800°C (Frey et al., 2018; Howe et al.,
2014). Pre-eruptive storage temperatures may be even higher, based on opx-cpx and cpx-melt thermometers which

suggested temperatures of 860-890 °C (d’ Augustin et al., 2020; Gurenko et al., 2005; Lindsay, Trumbull, et

al., 2005).
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Zircon saturation temperatures are the predicted temperature at which zircon will start to crystallize,
calculated using measured matrix glass composition and Zr abundances estimated from whole-rock geochemistry
and mass balance (Boehnke et al., 2013). Zircon saturation temperatures are between 677-733°C, reflecting broad
similarity in calculated Zr concentration and measured rhyolitic glass chemistry (73-77 wt% SiO;) between
ignimbrites across the island (Table 2). Clasts within deposits are nearly indistinguishable with respect to silica
content and zirconium concentration, but there are subtle differences between the deposits, even from the same
volcanic center. Overall, for every ignimbrite, the Fe-Ti oxide (eruption) temperatures are significantly higher than
the zircon saturation temperatures, which are higher than the Ti-in zircon crystallization temperatures (Fig. 6),

sometimes by >100°C.

Discussion

Updated Eruption Chronology

We interpret the youngest zircon in each sample‘as a potential eruption age, as the surface represents the
last crystallization event. With the new ages for the northern ignimbrites (MAD, Pointe Ronde, and Grande
Savane), we can better describe the eruptive history of Dominica and demonstrate that the explosive eruptions do
not correlate with the time progressive nature ©f the lava domes from north to south (Fig. 1, 2; Howe et al., 2015).
Following the eruptions of the elder Morne Diablotins ignimbrites (>200 ka), there appears to have been a
quiescence of >100 kyrs beforetexplosive activity resumed ~70 ka (Fig. 7A). This may reflect a “flare-up” of
explosive volcanism after thousands of years of intermittent zircon crystallization (Fig. 7B). Within the error
estimates, eruptions could be separated by tens of kyrs, but there could have been simultaneous eruptions from
different vents across the island, which suggests that the plumbing system was primed for explosive eruption during
that time period.

Despite the lack of a progressive spatial-temporal trend and variability between samples within the same

unit, the ignimbrites associated with each volcanic center have characteristic kernel density distribution patterns
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and age spectra. Geochronology studies of *C (Boudon et al., 2017) and (U-Th)/He zircon (Howe et al., 2015)
refined the eruption ages of the central and southern ignimbrite deposits on Dominica and our youngest U-Th zircon
surface model ages are within error of these ages (Table 1; Fig. 2). However, until now, the ages of the northern
ignimbrites have been largely unconstrained and the relationship between the timing of lava dome extrusion and
explosive eruptions has not been explored. The proto-Morne aux Diables dome was previously dated at 1.7 — 2.0
Ma by K/Ar (Monjaret, 1985), with subsequent Morne aux Diables lava domes yielding a (U-Th)/He age of 170 +
14 ka (Howe et al., 2015). Overlying block and ash flows yielded ages of >46 ka and 43,710 + 1590 yr B.P. from
14C dating (Lindsay, Smith, et al., 2005; Smith et al., 2013). Our U-Th zircon sutface ages were between 18 and
125 ka, with several crystals <50 ka (Fig. 2A). Therefore, explosive volcanism in the'north post-dates the Morne
aux Diables lava dome extrusion and was contemporaneous with explosive eruptions from the other volcanic
centers of Morne Diablotins (Layou) and Morne Trois Pitons-Micetrin (Roseau and Grand Bay) and is significantly
younger than previously suggested.

The explosive eruptions sourced from the Morne Diablotins vent both pre- and post-date the Morne
Diablotins lava dome, which was dated at 75 &#4wka by (U-Th)/He (Howe et al., 2015). The eastern ignimbrite,
variably referred to as Wesley and Londonderry, was dated at 80 + 7 ka (Howe et al., 2015), whereas the northern
ignimbrite, Bense, only yielded older (>350+ka) zircons (Frey et al., 2024). Little has been published about the
northwestern ignimbrite, Pointe Ronde, beyond an outcrop description and stratigraphy (Smith et al., 2013) and the
presence of xenocrystic zirconis (Frey et al., 2024). In this study, a few zircons yielded ages ~200 ka with large
errors, with additional crystals near secular equilibrium, so we can constrain the likely eruption age of Pointe Ronde
to >200 ka. The southwestern ignimbrite from Morne Diablotins, Grande Savane (GS-7), also yielded zircon ages
near ~200 ka, as well as secular equilibrium, with previous estimates only broadly constrained as >22 ka by '*C
dating (Sparks et al., 1980). Our results establish that there was an older period of explosive volcanism in northern

Dominica, >200 ka, that produced extensive pyroclastic flow fans that traveled down the western valleys and
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predated the Morne Diablotins lava dome extrusion by >100 kyrs.

Previous studies of the Layou Ignimbrite report an eruption age of 65 + 5 ka (U-Th)/He zircon age; (Howe
etal., 2014)) and 50,598 + 5590 BP ('*C age (Boudon et al., 2017)). Zircons from the welded Layou tuff (LV7) we
dated (69.5 + 11.3/-10.3 ka) are consistent with the older estimate, whereas the unwelded Layou deposit (LV1)
(45.7 + 7.5/-7.0 ka) and young Grande Savane deposit (42.7 + 18.3/-15.7 ka) are more consistent with the younger
4C age. Thus, the Layou ignimbrite may be comprised of multiple flows/eruptions like the Roseau ignimbrite
sequence (Boudon et al., 2017; Frey et al., 2018; Howe et al., 2014; Smith et al., 2013), in which pumice clasts
from different deposits have similar bulk andesite-dacite chemistry and phase assemblages, but unique eruption
ages and periods of zircon crystallization. All three Layou ignimbrites post-date theretuption of Morne Diablotins
at ~75 ka by 10-20 kyrs.

The southernmost ignimbrites (Grand Bay) yielded '“C ages between 32 and 41 ka (Lindsay, Trumbull, et
al., 2005), whereas Howe et al. (2014) reported an older eruptioniage of 62.6 + 4 ka via apatite (U-Th)/He. The
youngest Grand Bay U-Th zircon age from this study was 43 +13/-12 ka, which is consistent with previous eruption
14C age determinations, within error. In central Dominica, the Morne Trois Pitons lava dome has a young eruption
age (26 +/-3 ka) and the Morne Micotrin dome.1s ' younger than detection limits of (U-Th)/He (Howe et al., 2015),
but has a calibrated *C age of 868 4 68 (Lindsay et al., 2005). Both the Roseau and Grand Bay ignimbrite sequences
display polymodal age distributions, with zircons that are predominantly older than the lava domes of Morne Trois

Pitons, but younger than the etuption of Morne Micotrin.

Utility of U-Th zircon surface analyses

In addition to constraining eruption ages for the northern ignimbrites (MAD, Pointe Ronde, and Grande
Savane), our results demonstrate the viability of using U-Th zircon surface analyses to estimate eruption ages.
Although our errors are larger, all of our youngest U-Th zircon ages are within error of '*C and (U-Th)/He age

determinations (Fig. 2). The overlap between zircon surface analyses and eruption ages has been documented for
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several volcanic systems, including the Taupo Volcanic Zone, NZ (Charlier et al., 2005; Storm et al., 2012; Rubin
et al., 2016), St. Lucia (Schmitt et al., 2010), the Biikkalja Volcanic Field, Hungary (Lukéacs et al., 2015) and the
Rockford tephra from Mt. Lassen, CA (Coble et al., 2017) among others, in addition to Dominica. However, other
systems do not have eruption-age zircons, and zircon crystallization pre-dates eruption by tens of thousands years,
as documented at Mount St. Helens, WA (Claiborne et al., 2010), Okataina Volcanic center, NZ (Danisik et al.,
2020), Mount Lassen, CA (Klemetti & Clynne, 2014) and Ciomadul, Romania (Harangi et al., 2015). In these latter
systems, it is hypothesized that zircons are extracted from a crystal mush that crystallized and stored zircons prior
to eruption. In Dominica, the diverse zircon populations may reflect both pre-extraction storage at depth and near-

eruption crystallization.

Age distribution patterns and crystallization periods

The zircon surfaces represent the last stage of zircon growth within a melt and produced a large range of
zircon ages, which span from eruption to secular equilibrium; but peak between 50-200 ka (Fig. 7). Using mixing
models (Frey et al., 2018), we can distinguish different'zircon populations for several of the ignimbrite deposits
(e.g., Roseau and Grand Bay), as shown inithe Supplementary figure 1. The model age kernel density plots from
each sample display a variety of distribution patterns, including 1) relatively tightly-constrained and unimodal (Fig.
2C), 2) broad multi-humped peaks spanning tens of kyrs (Fig. 2A), and 3) complex distributions with multiple
peaks and hiatuses (Fig. 2 — Roseau and Grand Bay). The various distribution patterns could reflect a sampling bias
or small sample size, but the reproducibility of patterns from different ignimbrites emanating from each volcanic
center suggests there are fundamental differences in the plumbing systems beneath them.

Zircon model ages from the northernmost ignimbrite (MAD-2) span a broad range from ~18-125 ka (Fig.
2A), but it is difficult (although not impossible) to resolve any peaks or populations given the errors on the age
determinations. The majority of zircons are 10s of kyrs older than the youngest crystal, suggesting a protracted

period of zircon growth prior to eruption. The younger ignimbrite from Morne Diablotins (Layou) is characterized
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by narrower kernel density plots (Fig. 2B-D), with the majority of crystallization ~80 ka, or ~40 kyr prior to
eruption. Each Layou deposit has a similar distribution shape suggesting similar histories, but the crystallization
may have been prolonged or episodic (two pulses), given the error on the U-Th analyses (Kent & Cooper, 2017)
and statistical analysis (Supplemental Fig. 1).

In contrast, many of the southern ignimbrite sequences from Morne Trois-Piton - Micotrin are consistent
with episodic crystallization. The complex, polymodal age spectra of the Roseau Ignimbrites were discussed in
Frey et al. (2018), and show periods of peak crystallization (e.g., ca. ~10 ka, 60-70 ka, 110-125 ka), separated by
hiatuses >10 kyrs. The southern Grand Bay Ignimbrites (Fig. 2E-F) displayssimilar complex, polymodal
distributions to Roseau, albeit with different and older periods of peak crystallization«(e.g., ~80 ka; ~170 ka; ~210
ka). The episodic crystallization of the Roseau and Grand Bay ignimbritesqssuggests that the reservoir beneath
Micotrin may have reached subsolidus conditions and rheologicalslock-up multiple times over the last 200 kyrs.

Each unit within these ignimbrites shows a distinct, complex age distribution (Fig. 2).

Zircon chemistry
REE patterns and kernel density plots

The compositions of the zireons from the ignimbrites span a broad range (e.g., Hf), but there does not
appear to be any pattern with respect, to age (Fig. 4B), suggesting that magmatic conditions have not changed
systematically over the last 200 kyrs. A geographic or spatial trend with composition also appears to be lacking,
and is thus consistent with similar crystallization environments across the island which have produced intermediate
composition lavas and tephras since ~2 Ma.

Despite the lack of correlation with individual elements and age/unit, the REE patterns (Fig. 5) appear to
reflect the complexity observed in the zircon age distributions (Fig. 2 and 3). The older Morne Diablotins units
(Pointe Ronde and Grande Savane), show inconsistent slopes and variable REE abundances (Fig. SA). These

zircons are >200 ka and include many zircons in secular equilibrium, as well as xenocrystic zircons. Therefore, it
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is not surprising that the zircons do not show similar REE patterns, as they are derived from different sources
(including potentially South America; Frey et al., 2024) with distinct crystallization histories.

In contrast, the younger Morne Diablotins ignimbrites (Layou) have nearly identical REE patterns between
samples and zircons (Fig. 5B), differing only in abundance, which is typically a sign of crystal fractionation.
However, there is not an age progression with elemental abundance, which would suggest similar crystallization
environments, but not fractionation from a single magma batch. The magmatic system feeding the more recent
ignimbrites from Morne Diablotins (<200 kyrs) could be a zoned, mushy reservoir or melt lenses of similar
composition. Such an origin seems plausible given the simpler, unimodal zircon population (Fig. 2B-D) displayed
by the three different deposits.

The Roseau and Grand Bay ignimbrites, which have polymodal.zircon age distributions, display REE
variation between some zircons within units (Fig. 5C). This suggests. that although these southern ignimbrites may
be contemporaneous with the Layou ignimbrites, their crystallizatiomhistory is more complex and may reflect more
magma mingling/mixing or successive partial melting..Onthe basis of zircon chemistry, the mingled magmas could

have evolved in separate magma batches or lengses:

Ti concentrations, Tz, and water content

The Ti concentrations in the Dominica zircons are extremely low, mostly <4 ppm, which is more typically
seen in highly evolved rhyolitic/granitic systems and porphyry copper deposits (Nathwani et al., 2024). The low Ti
concentrations yield low calculated Tz of 540 to 810 °C, with the majority of Tz at 570-620°C (Fig. 6). Although
the Ti concentrations and temperatures recorded by the Dominican zircons are low, similar values have been
documented in evolved magmatic systems, including the Taupo Volcanic Zone (NZ) (Barker et al., 2014; Rubin et
al., 2016, 2017; Schlieder et al., 2025) the Sierra Nevada Batholith (USA) (Schoonover et al., 2024), Adamello
Batholith (Italy) (Broderick et al., 2015) and the Altiplano Puna Volcanic Complex (Bolivia) (Kern et al., 2016).

Calculated Tz in these systems approach or are below the historically accepted wet granitic solidus of 650-700°C
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(Luth et al., 1964), with lower range of temperature projected at ~4 kbars. Temperatures calculated from Ti in
quartz thermometry in studies of the Tuolumne Intrusive Suite, CA (Ackerson et al., 2018) and experiments on the
granite water-saturated solidus (Rufledt et al., 2024) also yield temperatures below the presumed wet granite
solidus. Collectively these studies and our results suggest that the temperature of the wet granite solidus may be
significantly lower than currently accepted and may need revision. Therefore, although the Ti concentrations in
zircon and Tz in Dominican ignimbrites are low, such conditions are not unprecedented in more evolved systems.

A recent study by (Nathwani et al., 2024) suggests that zircon crystallization is sensitive to the amount of
dissolved H,O (wt%) in the melt, and to a lesser extent the depth of crystallization. They demonstrated that magmas
with higher water content will crystallize zircon at lower temperatures due to lowering the liquidus temperature
and increasing zircon solubility due to melt polymerization. Based on the¢ matrix glass composition and whole rock
Zr concentration, we calculated zircon saturation temperatures insthe Dominican ignimbrites between 677-733°C,
which is very low, but consistent with MELTS modeling results‘for Zr concentrations <100 ppm at high water
contents >8 wt%, as shown by Nathwani et al. (2024),They also demonstrated that very low Ti concentrations (<5
ppm) could only be achieved at pressures >600MPa, showing the interdependence of water solubility and depth
on Ti in zircon concentrations. The low Tiin,zitcon'Concentrations in this study are therefore consistent with ‘super-
wet” magmas (>6 wt% H»0O) and zircon crystallization in the lower crust (>600 MPa) at temperatures below the
wet granitic solidus. Such water and pressure conditions are similar to those extracted from melt inclusions in
phenocrysts studies of the northern/central ignimbrites, which yielded up to 8 wt% H,O and crystallization

pressures up to 750 MPa (Balcone-Boissard et al., 2018).

Reconciling Hf concentrations with low temperature
In many systems, low Tz has been correlated with high degrees of fractionation and elevated Hf
concentration (Claiborne et al., 2006, 2018; Hoskin & Schaltegger, 2003), as Zr is preferentially incorporated over

Hf into zircon, thus increasing Hf in the residual melt. In the rhyolitic/granitic systems with low Tz noted earlier
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(e.g., Taupo, Sierra Nevada, Tuolumme), the zircons are associated with late-stage eutectic melts that are highly
evolved and record Hf concentrations of mostly >10,000 ppm in zircon. Therefore, the anomalously low Hf
concentrations (<7000 ppm) coupled with low Tz in many Dominican zircons are paradoxical (Fig. 8). One
possible explanation is that the very high water contents and depolymerized melt promotes early zircon
crystallization, which is further enhanced at high pressures (Sdnchez-Navas et al., 2024). At these conditions, the
melt is not yet strongly fractionated and the zircons would reflect the lower abundance of Hf in the melt. However,
given the range of Hf concentrations up to 18,000 ppm (Fig. 4B, Fig. 8), zircons likely crystallized in more evolved
melts as well. With the exception of the Morne aux Diables ignimbrite, Hf concentrations in each unit span >5000
ppm and have no correlation with age (Fig. 4B), and therefore do not reflect an evolving melt composition over
time. It is more likely that the zircons are part of a complex crystal cargg, derived from different remobilized melt
pockets, with slightly different compositions and evolutionary histories; within the trans-crustal magmatic system
that may have intermittently experienced subsolidus conditions. Thedlow temperatures and low Hf (Fig. 8) can only
be reconciled if zircon crystallized in a less evolved melt at very high water concentrations (e.g., 8 wt% H»0O) and
lower crustal depths (e.g., 28 km, 750 MPa).
Zircon crystallization and remobilization

The eruption temperaturesitecordedby Fe-Ti oxides and pyroxene thermometry (d’ Augustin et al., 2020;
Frey et al., 2018; Gurenko et.al.;,2005; Howe et al., 2014; Lindsay, Trumbull, et al., 2005) are much higher
(700-890°C; Fig. 6) than Tz, Therefore, zircons formed predominantly in the lower crust from various melts and
were likely entrained in a hotter carrier melt en route to the surface. Additional evidence for mixing and crystal
mush remobilization is found in melt inclusions (in plagioclase and orthopyroxene) that were more evolved than
the matrix glass in several Dominican ignimbrites and inferred to have formed at lower temperatures (Balcone-

Boissard et al., 2018).
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The preservation of zircons over long time scales (up to 100s of kyrs) suggests that mush rejuvenation
episodes either did not reach temperatures high enough to melt zircon, or did not maintain high temperatures for a
long enough period of time to dissolve previously crystallized zircons. Frey et al. (2018) suggested that a 30 mm
zircon in the Roseau Ignimbrite would dissolve within 1100-2500 years, given the degree of zircon undersaturation
and modeled zircon dissolution rates (Watson, 1996). Short remobilization time scales beneath Dominica are
further supported by recent crystal systems analysis (CSA) and mineral diffusion studies of orthopyroxene which
suggest magmas were stored in reservoirs at 12-16 km and 2-8 km depth and underwent mingling/mixing in the

decades prior to eruption (Ostorero et al., 2021; Solaro et al., 2020).

Model of magma plumbing system

Since Smith et al. (2013) proposed an island-wide batholith'as the.source of most of the magmatism on
Dominica, subsequent studies have refined this hypothesis. Geophysical and petrologic evidence support a trans-
crustal magmatic system, with storage in both the upper €rust (~2-8 km) and middle/lower crust boundary ( ~12-
16 km) (Balcone-Boissard et al., 2018; d’ Augustin et al.;,2020; Melekhova et al., 2019; Solaro et al., 2019). This
study provides additional evidence for deepicrustal magma genesis at very hydrous conditions, given the extremely
low Ti concentrations (<4 ppm) observed in most zircon. The heterogeneous age distributions and zircon surface
chemistry within each unit is consistent with prolonged storage and crystallization in geochemically isolated melts,
with amalgamation of multiple magma batches that did not have sufficient time to re-equilibrate en route to the
surface. These conclusions are similar to the proposed deep, wet trans-crustal reservoir beneath Montserrat
(Edmonds et al., 2016). This is not surprising given the proximity of the islands and their similar crustal structures
(Melekhova et al., 2019).
Conclusions

Our zircon U-Th and trace element surface analyses from ignimbrites across Dominica provide new

insights into the eruptive and crystallization history over the last ~250 kyrs. The surfaces capture the magmatic
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environment and when the zircons crystallized, recording peak periods of activity and extraction from hydrous,
cold, deeply-sourced, and variously evolved melts. Where known, the U-Th zircon ages are within error of eruption
ages determined by '*C and zircon (U-Th)/He. The oldest units, previously poorly-constrained, are the Pointe
Ronde and Grande Savane ignimbrites, which emanate and flowed west from the Morne Diablotins region in
northern Dominica. They contain abundant xenocrystic zircons, as well as many in secular equilibrium, but the
youngest may be 200-250 ka. These eruptions were followed by a period of apparent quiescence of that may have
lasted between 78 and 273 kyrs based on uncertainties in our age determinations. This apparent volcanic hiatus was
flowed by an island-wide flare-up of volcanism that peaked ~70-30 ka. Duringsthis time interval, ignimbrites
erupted from all of the major volcanic centers/vents on the island, but there was no spatial-temporal pattern, unlike
the north to south (younging) extrusion of lava domes from the same vents.One of the most important findings
with respect to hazards and future risk assessment is the young age,(18.2 +7.4/-7.0 ka) of the Morne aux Diables
Ignimbrite in northern Dominica, which was previously thought torbe >46 ka. This is younger than most of the
more voluminous ignimbrite sequences (Layou, Reseau, Grand Bay) to the south. These ignimbrites are
characterized by multiple eruptions (Boudon et al2017; Frey et al., 2018; Howe et al., 2014; Smith et al., 2013),
but it is not possible to resolve their precise.timing“or length of hiatuses between eruptions given the uncertainties
in the geochronology. It is conceivableithatimany of the eruptions were occurring near simultaneously, suggesting
that the magmatic system may have been primed for eruption after a long apparent volcanic hiatus, during which
zircon was continuing to crystallize at depth. Given this history and the widespread seismicity and periodic
earthquake swarms in Dominica, the next eruption could be associated with any of the volcanic centers/vents and
continued island-wide monitoring is warranted.

Unlike many magmatic systems, the zircon trace element chemistry did not show a “fingerprint” for various
units or evolution over time, suggesting that the ignimbrites have a complex crystal cargo and crystallization

history. Previous work has suggested that like Montserrat, Dominica has a deep, wet, trans-crustal reservoir and
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crystals record varying depths of crystallization. Such low Ti concentrations yielded low Tz, with many zircons
recording temperatures below the wet granitic solidus. The simplest explanation would be that the zircons
crystallized in a very late-stage eutectic melt, but this is not consistent with the hafnium concentrations, which
extend as low as ~2200 ppm. The low temperatures and low Hf (Fig. 8) can only be reconciled if zircon crystallized
in a less evolved melt at very high water concentrations (e.g., 8 wt% H»O) and lower crustal depths (e.g., 28 km,
750 MPa). Therefore, the zircon chemistry lends increased support to previous models of a deep trans-crustal
magmatic reservoir beneath Dominica. The broad range of zircon compositions and lack of discernible patterns
with respect to unit or age is further evidence of multiple melt lenses and mixing of different populations of crystals.
As previously discussed in Frey et al. (2018), the polymodal zircon erystallization distribution patterns in
the Roseau Ignimbrites suggest subsolidus storage conditions and intermittent rheological lock-up. Similar age
distributions were observed for the Grand Bay zircons and bothy,ofithese units show broad ranges in zircon
composition and dissimilar REE patterns between crystals. In contrast, the Layou zircon age distributions were
unimodal and compositions were slightly more restricted, and REE plots showed parallel patterns between crystals.
Taken together, the complexity in the age distribution plots appears to be mirrored by the complexity in the zircon
chemistry. This would suggest that the southern ignimbrites may have experienced more rheological lock-ups and
rejuvenations of mush compared te the,central ignimbrites. However, crystallization conditions across the island
were likely similar and rejuvenation episodes must have been short-lived to preserve the zircons, as eruption
temperatures are much higher(than zircon saturation temperatures.
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Figures

830

Figure 1: [A] Overview of the er.Antilles arc. [B] Integrated volcanic hazard map of Dominica from Lindsay et al.
(2005). Volcanic centers as Smith et al. (2013) are in light purple. Ages for the lava domes/vents are given

835 in ka and display a N-S progre of ages. Ages for Morne aux Diables, Morne Diablotins, and Morne Trois Pitons
are zircon (U-Th)/He ages (Howe et al., 2015) and Micotrin and Morne Patates are calibrated 14C ages (Lindsay et al.,
2005; Roobol et al., 1983).
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Figure 1: Simplified geologic map of volcanic deposits <100 ka (modified from Smith et al., 2013), with sample
locations indicated by circles. Lava domes are in light purple and ignimbrites denoted in colors keyed in the legend;
dashed regions are inferred flows. Each fill color corresponds to an ignimbrite sequence (modified from Smith et al.,
2013). Each lettered panel show U-Th model ages from ignimbrites across the island. Ages are shown as rank-file
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845 plots with 1-sigma errors and kernel density plots of model ages determined by two-point isochrons. Zircons in
secular equilibrium are not plotted. Populations as determined by mixing models (Frey et al., 2018) are shown as
black vertical lines with 1-sigma grey error bars. Purple vertical lines are eruption ages from 14C and red vertical lines
are U-Th/He zircon studies (see Table 1 for references). Ignimbrites and samples are as follows: [A] Morne aux
Diables (MAD2); [B] Layou (GS8); [C] Layou (welded; LV7); [D] Layou (unwelded; LV1); [E] Grand Bay (GB10); [F]

850 Grand Bay (GB12); [G] Roseau - Rosalie (RI15); [H] Roseau - Trafalgar (R110); [I] Roseau - Casso (RI13); [J] Roseau - St.
Aromont (RI19); [K] Roseau - King’s Hill (KH4).
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Figure 3: Isochron and radial plots for select samples created with IsoplotR. For isochrons, model ages were

855 calculated using a two-point isochron and the whole-rock?38U/232Th and 23°Th/232Th ratios reported by Howe et al.
(2015). The age is calculated from the slope and error ellipses are 2-sigma. The dark solid line is secular equilibrium
(350 ka). [A] Pointe Ronde (PR5); [C] Grande Savane (GS7); [E] Layou (GS8); [G] Roseau (RI13). The radial plots show
the dispersion and populations of the calculated ages. [B] Pointe Ronde (PR5); [D] Grande Savane (GS7); [F] Layou
(GS8); [H] Roseau-Casso (RI13). Pointe Ronde [B] and Grande Savane [D] are characterized by a single >200 ka

860 population with large errors, whereas GS8 [F] has two populations with some overlap and RI13 [H] has two tightly
constrained distinct populations.
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Figure 4: U-Th model age of Dominica zircons versus [A] uranium, [B] hafnium, [C] titanium [D] Yb/Gd, and [E]
Eu/Eu*.
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Figure 5: Representative chondrite normalized rare earth element (REE) plots of zircon for several ignimbrites. Data
are color mapped by 238U-230Th model age, with warmer colors representing older ages and gray representing ages
in secular equilibrium. [A] Older Diablotins ignimbrites (Pointe Ronde and Grande Savane); [B] Layou (GS8, LV1, and
LV7); [C] Roseau Ignimbrite (KH4). The shaded gray region in each panel is the range of the Layou samples for
comparison.
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Table 1. Comparison of Yc ages and (U-Th)/He ages from previous studies and the youngest zircon ages
from this study. (U-Th)/He ages are the inferred eruption ages of the deposits.

Erupti Sample  Coordinat e (UTHI/He tU-Th
ruptive ample oordinates i . oungest U-
p lgnimbrite Unit p Calibrated "°C zircon age ' 4
Center name (N and W) ages (ka BP) (k )8 zircon age (ka)
a
Morne aux Morne aux 15° 36.474 >46* 18.2 (+7.4/-7.0)
Diables Diables MAD2 61° 27.848
15° 32.682
Pointe Ronde PR5 61° 28.450 203.4 + >350/-84.5
Grande 15° 26.390 5992
Savanne GS7 61° 26.415 205.3 + 164.1/-62.9
Morne °
. . 15726847 42.7 + 18.3/-15.7
Diablotins  Layou GS8 61° 26.83
15723.865 >40%51%/-6.6° 65+/-5 45.7 +7.5/-7.0
Layou Lv1 61° 25.610
15724.716 >40° 69.5 + 11.3/-10.3
Layou Lv7 61°22.861
4- 4-
15° 18.533 31 +/-0.8 ; >467; 62 +/-8
Roseau GW 61° 23.033 18 +/-0.2
RI9/Link 15° 18.291
/ o 25+/-2  28.3+18.2/-15.6°
Roseau flow 3 61°22.628
. 15° 18.245 35 +/-3
Roseau Link flow 1 61° 22.519
15719.610 59.3 +15.1/-13.2°
Roseau RI10 61°20.118 ' ' '
Morne Trois 15%18.803 2.6 +8.4/-7.8°
Pitons- Roseau RI13 61° 21.207
i i 15°17.975
Micotrin 59.4 +11.6/-10.5°
Roseau KH4 61° 22.816
Rosalie/Grand 15° 21.948 5 7 9
)+/-0.57;24 +/- 0.4 20.9 +9.0/-8.
Fond RI15 61° 15.302 /-0.5 /-0 0.9+9.0/-83
157 14.969 32 +/-0.17  62.8+/-4*  43.0 +13.4/-11.9
Grand Bay GB10 61° 19.028
157 14.461 41 +/-0.6° 67.2 + 13.8/-12.3
49 Grand Bay GB11 61° 18.725
Grand Bay/St. 15° 14.665 41 +/-0.6" 48.7 +5350/-106.4
John GB12 61° 16.967

1 deavs mt al 19AACY: 2 Conmavbe at ol (10003 A/ adean (1000): 2 Cimiivdecmim (1073 2 Favens amAd Cimtirdec mim



Table 2. Zircon saturation temperatures in Dominica ignimbrites

Whole-  Whole- Matrix Whole- Zircon
rock SiO, rock Hf glass SiO, % Glass rock Zr Saturation
(Wt%) (ppm) (wWt%) (ppm) T(°C)
MAD2 60.1 2.2 72.6 62 71 677
PR5A 61.9 3.0 74.0 80 95 684
PR5B 61.1 3.0 73.6 80 100 686
GS7 61.3 2.8 76.2 65 92 715
GS78B 60.7 3.1 75.8 65 102 733
GS8A 62.0 2.7 76.9 75 89 704
LV-1 64.5 2.6 75.4 72 91 695
LV-1 rep 64.5 2.6 75.6 72 91 696
RI9 62.7 3.3 76.0 70 94 699
RI9B 62.6 3.1 76.4 70 90 700
RI13 59.8 2.4 65.5 56 74 665
RI15 61.8 2.8 74.9 65 89 701
RI15B 62.5 2.8 74.9 65 92 702
KH4 61.8 2.6 76.1 65 89 709
KH4B 62.3 2.5 76.7 65 89 713
GB10A 63.4 2.9 76.3 67 95 708
GB11B 62.0 2.8 77.1 65 91 724
GB12B 61.5 3.4 73.6 65 110 725

Zr saturation calculated using Boehnke et,al:*(2013)

50



	cover
	Frey+et+al+Manuscript+Rev2-clean
	Abstract
	Non-technical summary
	Introduction
	Geologic background
	Eruptive History
	Source of Ignimbrites
	Magma plumbing system

	Methods
	Results
	U-Th model age geochronology
	Pointe Ronde (PR)
	Grande Savane (GS)
	Layou (LV)
	Roseau (RI)
	Grand Bay (GB)

	Zircon trace element chemistry
	Thermometry

	Discussion
	Updated Eruption Chronology
	Utility of U-Th zircon surface analyses
	Age distribution patterns and crystallization periods
	Zircon chemistry
	REE patterns and kernel density plots
	Ti concentrations, TZir and water content
	Reconciling Hf concentrations with low temperature

	Model of magma plumbing system

	Conclusions
	Author Contributions
	Acknowledgements
	Data Availability
	References
	Figures




