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ABSTRACT

Ciomadul is the youngest volcano in eastern-central Europe. Although its last eruption occurred at ca.
30 ka, there are independent indications for a high-crystallinity magma reservoir persisting beneath the
volcano until present. In order to further test the hypothesis of long-lived melt presence and to better
constrain the nature and timescales associated with the subvolcanic magma storage system, over 500
zircon U-Th and U-Pb spot ages (crystal interiors and outer surfaces) were interpreted from dacitic rocks
of the most productive eruptive period (the Young Ciomadul Eruptive Period; YCEP, 160-30 ka). Zircon
surface ages from lava dome and pumice samples range from ca. 600 ka up to the youngest eruption
event at 30 ka. They form a continuous age distribution and some single crystals reveal significant age
zonation (>150 kyr difference from core to rim). The oldest zircon ages of YCEP overlap with the last
eruption events of the Old Ciomadul Eruptive Period (1000-330 ka). The zircon age spectra, combined
with textural data, point to a prolonged (several 100’s kyr) residence in a highly crystalline mush state.
The range in zircon crystallization temperature (from ~750°C to the solidus at ~680°C) is consistent
with the results of thermometry on amphibole and plagioclase from felsic crystal clots, which represent
crystal mush fragments. To maintain magma reservoir for such a long time above solidus, continuous
magma input by deeper recharge is required. Zircon crystallization model calculations constrained by
thermal modelling imply an average rate of magma input of about 1.3 x 10~4 km?3/yr over 2 Myr.
Such estimate allows us to calculate an extrusive/intrusive ratio of 1:25-1:30. The model calculations
suggest that a crystal mush zone of about 35 km? is still present within the subvolcanic magma
reservoir. Importantly, the Ciomadul plumbing system thus remains thermally primed and renewed

magma injection could lead to rapid reawakening and eruption of the apparently inactive volcano.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

1. Introduction

Zircon provides valuable temporal, thermal and chemical infor-
mation about the state of subvolcanic magma storage (see recent
review by Cooper, 2019). Zircon geochronology contributed signif-
icantly to the understanding of vertically extensive, trans-crustal
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modelling, zircon geochronology can provide essential quantitative
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information on the thermal evolution, accumulation and volume
of eruptible magma in volcanic plumbing systems. A fundamental
question that remains open is whether magmatic systems can con-
tain some melt fractions for prolonged (several 10’s to 100’s kyr)
time periods (e.g., Reid and Vazquez, 2017; Szymanowski et al.,
2017) or whether they are mostly stored in a subsolidus state (e.g.,
Cooper and Kent, 2014; Rubin et al., 2017). Geophysical data are
consistent with models suggesting that subvolcanic magma reser-
voirs are dominantly crystal-rich and contain a melt fraction, on
average, between ~5 and 30% (e.g., Pritchard and Gregg, 2016).
Zircon studies show that such conditions can last for prolonged
period not only in large-volume, silicic magmatic systems (e.g.,
Toba, Okataina, Mogollon-Datil volcanic field; Cerro Galan; Bach-
mann et al., 2007; Folkes et al., 2011; Storm et al,, 2011; Wotzlaw
et al,, 2013; Reid and Vazquez, 2017; Szymanowski et al., 2017),
but it seems to also apply to andesitic and dacitic arc volcanoes
(e.g., Mt St Helens, Lassen Peak; Claiborne et al., 2010; Klemetti
and Clynne, 2014). The presence of potentially eruptible melt in
the magmatic reservoir could lead to rapid reawakening (days to
years; e.g. Burgisser and Bergantz, 2011; Druitt et al., 2012; Con-
way et al., 2020) and this poses an underrated risk particularly in
case of long-dormant, apparently inactive, volcanoes. Thus, a better
understanding of the temporal evolution of the thermal conditions
within their magmatic systems is essential to estimate the poten-
tial whether they can erupt again.

Ciomadul is the youngest volcano in eastern-central Europe,
with its last eruption occurring at ca. 30 ka (Harangi et al., 2010,
2015a, 2020; Szakacs et al., 2015; Molnar et al., 2019). Yet, re-
sults of geophysical surveys, conductivity experiments and carbon-
dioxide gas-monitoring campaigns are in agreement with the pres-
ence of a melt-bearing magma reservoir at subvolcanic depths
(Popa et al., 2012; Harangi et al., 2015b; Kis et al., 2019; Lau-
monier et al, 2019). To further constrain the timescale of the
magma storage system and the potential melt volumes in it, here
we combine new zircon U-Th and U-Pb data with those published
for the youngest volcanic units (Harangi et al., 2015a) and the
oldest domes (Lukacs et al., 2018). This data set now covers the
entire 1 Myr long eruption history of Ciomadul in a statistically ro-
bust manner. Zircon age spectra serve as an important parameter
in thermal modelling to constrain magma fluxes and volumes of
magma reservoir at a given time (Caricchi et al., 2014, 2016; Tier-
ney et al., 2016; Weber et al., 2020a). In this work, we have fur-
ther refined zircon crystallization modelling and added Ti-in-zircon
temperatures to better constrain the nature of the magmatic stor-
age system and apply this technique for Ciomadul, a small-volume,
long-dormant volcano. Our results show that a silicic magma reser-
voir with >100 km> in volume, mostly in a highly crystalline
state, but with a significant proportion of melt can develop even at
such volcanoes fed at relatively low magma flux (<10~3 km3/yr)
over long periods of time (>1 Myr). Existence of sizeable eruptible
magma pockets (with <~50 vol% crystals) beneath long-dormant
volcanoes poses a greater potential hazard than previously appre-
ciated.

2. Geological background

The Ciomadul volcanic dome field (CVDF) is the youngest man-
ifestation of the volcanism in eastern-central Europe (Fig. 1). It
is located at the southeastern end of the 160 km long Calimani-
Gurghiu-Harghita volcanic chain. A comprehensive eruption chro-
nology was reconstructed by combined (U-Th)/He, U-Th and U-Pb
zircon dating (Harangi et al., 2015a; Molnar et al., 2018, 2019)
and was supported by new K/Ar ages (Lahitte et al, 2019). Ac-
tivity started with intermittent small volume lava dome extrusions
with a cumulative erupted magma volume of ~1 km? in an area
of 400 km? from 1 Ma to ca. 350 ka with long (>100 kyr) qui-
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escence periods between eruptions (Old Ciomadul Eruptive Period;
OCEP). Then, the eruptions focused on a more restricted area dur-
ing the Young Ciomadul Eruptive Period (YCEP) from 160 to 30
ka, which is subdivided into two main eruptive epochs and sev-
eral minor eruptive episodes that occurred at 160-150 ka (episode
4/1), 140-125 ka (episode 4/2), 105-95 ka (episode 4/3), 56-45
ka (episode 5/1), 35-30 ka (episode 5/2) and separated by qui-
escence periods lasting for ca. 15-40 kyr. The YCEP constructed
the Ciomadul volcanic complex (CVC) with ~7 km® cumulative
erupted magma volume. Extrusion of viscous magma occurred in
distinct vents a few km apart and this lava dome complex was
truncated by two deep explosion craters during the latest stage
of the volcanism (Szakacs et al., 2015; Karatson et al., 2016). The
maximum eruption rate (~0.1 km3/yr lasting over ca. 60 kyr) was
reached during the Eruptive Epoch 4 of the YCEP (Molnar et al.,
2019).

Compositionally, Ciomadul volcanism is characterized by a rela-
tively homogeneous, crystal-rich (30-40 vol% crystals in the lava
dome rocks and 20-25 vol% in pumices) high-K dacitic magma
with dominantly plagioclase, amphibole and biotite phenocrysts
(Seghedi et al., 1987; Vinkler et al., 2007; Kiss et al., 2014; Mol-
nar et al, 2018, 2019). This differs significantly from the vol-
canic products of the pre-Ciomadul volcanism in South Harghita.
The Ciomadul rocks have typically high abundance of Ba and Sr,
depletion in Y and heavy rare earth elements and no negative
Eu-anomaly. Amphiboles display significant compositional varia-
tions and zoning patterns suggesting interactions of composition-
ally variable magmas (Kiss et al., 2014; Laumonier et al., 2019;
Harangi et al., 2020). Hornblende along with plagioclase macro-
crysts crystallized at relatively low temperature of ~700-750°C in
an upper crustal felsic magma reservoir, whereas pargasitic am-
phibole formed at >900°C from more mafic magmas (Kiss et al.,
2014; Laumonier et al., 2019). Presence of high-Mg mineral phases,
such as olivine, orthopyroxene and clinopyroxene in the dacites
indicates that mafic magma recharge likely reactivated the felsic
crystal mush (Vinkler et al., 2007; Kiss et al., 2014).

3. Methods

Samples already used for zircon dating (Harangi et al., 2015a;
Lukacs et al., 2018) were completed with additional ones from
lava dome rocks and pumices. Now, this sample set represents
the entire eruptive episodes of the YCEP. Zircon crystals were sep-
arated from crushed and sieved (<250 pm) bulk samples using
standard density and magnetic separation techniques, followed by
handpicking under a binocular microscope. Unpolished zircon sur-
faces (outer ~ 4 pm rims; depth profiling measurements) and sec-
tioned interiors (mantles and rare visually identified cores based
on CL images) were analysed for 238U-230Th geochronology by
sensitive high resolution secondary ion mass spectrometry using
a CAMECA ims 1280-HR ion microprobe at the HIP Lab of the
Institute of Geosciences, Heidelberg University, Germany and a
CAMECA ims1270 at the University of Los Angeles. Analysis pro-
tocols are detailed in Appendix Table A.1. Accuracy was monitored
by interspersed analysis of AS3 and 91500 zircon reference ma-
terials in both laboratories. UCLA analyses on standards yielded a
unity secular equilibrium ratio for (239Th)/(?38U) = 1.022 + 0.016
(10, MSWD = 0.5; n = 8), whereas in case of the surface-analyses
it was (23°Th)/(%38U) = 0.981 + 0.015 (1o, MSWD = 22; n =
29). For the Heidelberg analysis session, secular equilibrium refer-
ence zircon analyses averaged (239Th)/(*38U) = 0.990+0.006 (10,
MSWD = 0.69, n = 33). Uranium concentrations were estimated
from UO™ /ZrZOjlL intensity ratios relative to zircon reference 91500
(U = 81.2 ppm; Appendix Table A.1). Model ages were calculated
using the mean whole rock Th/U value of the Ciomadul dacites
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Fig. 1. a) Simplified map (original source: Seghedi et al., 1987) of the Ciomadul volcanic dome field (CVDF) and its surroundings. The twin craters of episodes 5/1 and 5/2 are
outlined by bold black lines. b) Eruption chronology of the CVDF after Molndr et al. (2018, 2019), showing the epochs (and episodes) of the Young (YCEP) and Old Ciomadul
Eruptive Periods (OCEP). Eruption styles, i.e. lava dome extrusion vs. explosive eruption are indicated above the eruption age curves (Gaussian probability, eruption age with
uncertainties). ¢) Cumulative erupted volumes of the eruptive epochs (Szakacs et al., 2015; Kardtson et al., 2019; Molnar et al., 2019). (For interpretation of the colours in

the figure(s), the reader is referred to the web version of this article.)

(3.58; Harangi et al., 2015a) and assuming secular equilibrium of
the melt. Because the zircon-whole rock isochron slope is dom-
inated by the zircon composition, variations in the melt compo-
sition within reasonable limits will not significantly change these
model ages. In case of some secular equilibrium zircon domains,
we additionally performed U-Pb analyses with the same SIMS in-
struments. Zircon U-Pb dates were corrected for initial disequilib-
rium of 23°Th using a constant D value of 0.33+0.06 (Rubatto and
Hermann, 2007; Appendix Table A.1) to obtain internally consistent
results with those published by Lukacs et al. (2018).

Zircon trace elements including Ti, Y, Hf and REE analyses
were performed by laser ablation inductively coupled plasma mass
spectrometry (ICP-MS) at the Department of Earth Sciences, ETH
Ziirich with a Thermo Element XR SF-ICP-MS using 30 pm spot
diameter (~10 pm depth) on the same samples analysed for in-
situ geochronology. For additional information about trace element
measurements see Appendix Table A.2. Because of the difference
in sampling volume and the age heterogeneity within individual
crystals, we did not correlate analyses for geochronology and geo-
chemistry. The newly obtained YCEP trace element data were com-
bined with the YCEP zircon age data from Harangi et al. (2015a)
and OCEP zircon age data from Lukacs et al. (2018). Additionally,
we performed zircon trace element analyses also on these latter
samples, using the same method as for YCEP zircons.

4. Results

Over 500 zircon U-Th (138 surfaces and 312 interiors) and U-
Pb (65 interiors) spot ages from the youngest volcanic episode
(YCEP) of Ciomadul were compiled in this study. These include 334
newly obtained geochronological analyses and already published
data from some of the youngest eruption products (see Harangi et
al., 2015a) and from one of the oldest lava dome of YCEP (KHM,
Lukécs et al., 2018). The new zircon analyses partly targeted the
so far unrepresented lava domes of YCEP (epoch 4) and also ex-
tended the dataset to epoch 5 in order to get a statistically robust
dataset, which covers most of the erupted materials of all the five
YCEP eruptive episodes (Fig. 2, Appendix Table A.1).

In general, new results confirm the protracted crystallization
timescale suggested by a more limited number of zircon dates
from the youngest eruption products (Harangi et al, 2015a). In
addition, this combined database provides evidence that zircon
crystallization dates go back to ca. 600 ka. Age populations of indi-
vidual eruptive episodes usually display a polymodal distribution
with no apparent crystallization gap (within the uncertainty of
the age data) in the probability density distribution curves con-
structed for each eruptive episode (Fig. 2). Importantly, the modes
for crystal surface ages are very similar to those derived from inte-
riors, albeit interior ages are slightly offset to older ages. However,
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Fig. 2. Rank order plots for U-Th model ages (represented as model isochron slopes to incorporate 1o uncertainty symmetrically; left panel) and for U-Pb spot ages (right
panel; 1o uncertainty) of zircon interiors and surfaces from the YCEP samples. The U-Th model ages are superimposed by probability density population curves (red: zircon
surfaces; blue: zircon interiors) obtained by DensityPlotter (Vermeesch, 2012). Eruption ages of eruption epochs (Harangi et al., 2015a; Molnar et al., 2018, 2019) are shown

by coloured vertical bars.

where multiple analysis spots were placed onto crystal interiors,
they often display significant younging from core to rim (Appendix
Fig. A.1). Within individual grains, spot ages range over several
10’s to even 100’s kyr (Appendix Fig. A.1). Although our dataset is
certainly biased towards dates <350 ka (as we performed mostly
U-Th analyses and limited U-Pb dating), we found only few dates
>400 ka (Fig. 2). The majority of the obtained U-Th model dates
are between 350 ka and 100 ka and only <10 % fall between 100
and 30 ka.

Statistical deconvolution of zircon surface crystallization age
spectra using the mixing model of Sambridge and Compston
(1994) identifies modes (Appendix Fig. A.2) for the eruptive
episodes between 160 and 95 ka (epoch 4), predating the erup-
tion age by about 10-40 kyr. This is also the case for the youngest

eruptive epoch 5 (57-30 ka), but zircon rim and interior crys-
tallization ages display more complex distributions compared to
those of epoch 4 due to the intrinsically smaller U-Th age un-
certainties for younger crystals. The dominant age populations in
epoch 5 lie between 200 and 100 ka (~75%), whereas only a lim-
ited subset (~12%) of surface ages is <75 ka. Four modes at 33+1
ka, 62+2 ka, 11441 ka and 17641 ka are identified. Although the
identification of age modes depends on the number of zircon dates
and their precision which often limits their significance (Kent and
Cooper, 2017). We used Kolmogorov-Smirnov statistical testing to
compare zircon age populations of successive eruptive episodes
(Appendix Fig. A.3). We found that in all cases the compared
populations were indistinguishable at the 95% confidence level.
Noteworthy, the progressively younger volcanic formations contain
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Fig. 3. Zircon geochemical signature of distinct eruptive episodes (from 4/1 to 5/2) of YCEP in the left panels (A, C) and comparison of the YCEP and OCEP zircon chemistry
at right panels (B, D). Ti-in-zircon temperatures (Ferry and Watson, 2007) were calculated using atijo, = 0.6 and asjp; = 1. Zircon saturation temperature was calculated
from glass chemistry of the youngest eruption products of the YCEP (Harangi et al., 2020) following the method of Boehnke et al. (2013). Using the two end-member glass
composition data of Harangi et al. (2020), the calculated zircon saturation temperature values are in the range between 710 and 770°C. In Fig. 3A, the maximum zircon

saturation temperature is shown.

zircons with the age population found in the previous eruption
products. This suggests a common long-lived magma reservoir, in
which successive volcanic episodes were fed by magmas contain-
ing newly crystallized and older zircon population. Overall, this
continuous recycling produces a wider range of zircon crystalliza-
tion ages in younger eruptions compared to the older episodes.

The chemical composition of the YCEP zircons shows similar
variability throughout the episodes of volcanic activity between
160 and 30 ka (Appendix Table A.2; Fig. 3; and Appendix Figs. A.4-
6). The Hf concentrations in the analysed crystals range from
~8500 to 11500 ppm, and Eu/Eu* is between 0.5 and 0.9 (mostly
between 0.6 and 0.8; Fig. 3A), indicative of co-crystallizing zir-
con, plagioclase and titanite. The Yb/Dy values cluster between
4.5 and 9, correlating positively with Hf concentrations, and nega-
tively with Th/U (Fig. 3). Th/U ratio of zircon depends primarily on
the melt composition and therefore, reflects how evolved the melt
fraction is from which zircons crystallized (Reid et al., 2011; Reid
and Vazquez, 2017). Ciomadul YCEP zircon displays Th/U between
0.4 and 1.5, with about 80% of data falling in the range from 0.4
to 0.8 (Appendix Fig. A.5). Such values indicate crystallization pri-
marily from evolved, rhyolitic melt, and zircon with higher values
(>0.8) formed from a less silicic, dacitic melt.

The Ti-in-zircon thermometer (Ferry and Watson, 2007) was
applied using atjgz = 0.6 and asjp; = 1 to infer zircon crystalliza-
tion temperatures. The TiO, activity value is estimated based on
the glass Ti contents using the methodology of Hayden and Wat-
son (2007; Appendix A). In all eruptive episodes, a fairly uniform
temperature range between 650 and 740°C (mean = 693+25°C;
Appendix Fig. A.4) is obtained. The temperature values show a pos-

itive correlation with Th/U, and negative correlations with Hf and
Yb/Dy, but no systematic variation with Eu/Eu* (Fig. 3). Zircons
from the older, 1000-330 ka eruptive period (OCEP; Appendix Ta-
ble A.2; Fig. 3; Appendix Figs. A.4-6) have similar trace element
composition to YCEP zircons, but with more variance and slight
overall shifts to higher crystallization temperatures (~650-780 °C;
mean = 720 4+32°C; Appendix Fig. A.4), lower Hf (7000-11000
ppm), Yb/Dy (3.4-9.6; Fig. 3), Eu/Eu* (0.17-0.83; Fig. 3), Ce/Ce*
(Appendix Fig. A.6) and higher Th/U (0.23-1.79; Appendix Fig. A.5).

5. Modelling zircon crystallization

Rate of magma input and the thermal state of the crust are
primary factors controlling the nature of subvolcanic plumbing
systems, including the volume of eruptible magma (Annen et al.,
2006; Annen, 2009; Karakas et al., 2017; Weber et al., 2020b).
The duration of zircon crystallization, i.e. the zircon age spread
has shown to be a key proxy to constrain the magma fluxes by
the comparison with modelled zircon age distributions obtained
from thermal modelling (Caricchi et al., 2014; Weber et al., 2020a).
The statistically robust zircon data set of Ciomadul provides an ex-
cellent opportunity to investigate the thermal history of a magma
reservoir beneath a small-volume volcanic system. Thermal model
calculations simulating the prolonged injection of magma in the
crust were performed using the method described in Karakas et al.
(2017) and Laumonier et al. (2019). Magma is injected incremen-
tally in the crust over the estimated lifetime of the magmatic sys-
tem (i.e. 2 Myr). Heat conduction between the crust and intruded
magmas over time is investigated by a two-dimensional, fully im-
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plicit, forward, transient heat diffusion code using a finite volume
scheme (Patankar, 1980). We consider a two-dimensional domain
(60 km x 60 km) with a 40 km thick crust having a steady-state
geotherm with 0°C surface temperature and constant heat flux at
the mantle-crust boundary. We emplaced dikes and sills incremen-
tally and randomly using a stochastic and instantaneous scheme
over a total of 4 Myr into the lithosphere following a two-stage
process. First, basaltic magmas were emplaced in the lower crust
for 2 Myr, which increases the temperatures of the entire crust
(geothermal gradient was elevated by about 20% with respect to
the normal one). In the second stage, the model switches to in-
trusion of dacitic magmas into the upper crust (7-15 km depths;
injection temperature 950 °C). The silicic magma is considered to
represent the product of fractionation of basaltic magma in the
lower crust. The calculated duration of zircon crystallization is es-
sentially controlled by the rate of heat (i.e. magma) input into the
crust. Thus, a decrease of the temperature of the injected magma
can shorten the period over which zircon crystallizes. However, the
decrease of enthalpy content of magma for a decrease of tempera-
ture with 50°C is only of the order of 3% (Caricchi and Blundy,
2015). This implies that our flux estimates would vary by only
a few percent considering temperatures for the injected magma
that are within about 100 degrees from the temperature used for
this study. Passive tracers (40 m x 40 m), added with the magma,
record the evolution of temperature in time in different portion of
the system. The number of tracers with each intrusion varies but
their total number is always larger than 300. The rate of magma
input in the crust was between 10~2 and 10~4 km3/y.

We use the time-temperature record of each tracer to calcu-
late the number of zircon crystallization ages available for analysis
(Fig. 4). The number of measurable zircon ages varies proportion-
ally to the rate of zircon crystallization following the parameter-
ization proposed by Tierney et al. (2016). As a consequence, a
smaller number of measurable ages is calculated when the tem-
perature of a tracer approaches the solidus (Appendix Fig. A7).
Zircons are modelled to grow from a maximum temperature that
can vary between 770°C down to solidus temperature (~650°C).
We assume that at the moment of eruption, all tracers with a tem-
perature within the zircon crystallization range are erupted. This
implies that all tracers that cooled below solidus before eruption
will not contribute to the final distribution of measurable ages
sampled by an eruption (Fig. 4). The model neglects convection
within the reservoir, as the effect of convection on the thermal
evolution of the magmatic system has been shown to be minor
(Caricchi et al., 2014, 2016). High frequency modulation of magma
fluxes (which are in fact simulated in our model where the input
rate changes from infinity during injection to 0 during breaks), are
not visible in the modelled population of zircon ages for two main
reasons: the thermal inertia of a magmatic system and the ana-
lytical uncertainty that smoothes the distribution of zircon ages.
Other sensitivity tests were already performed in Caricchi et al.
(2014, 2016).

Our calculations show that with increasing rate of magma in-
put, tracers spend longer time within the zircon crystallization
range and therefore the range of ages over which continuous zir-
con crystallization is recorded increases with magma flux (Fig. 4).
Additionally, at the highest fluxes, few tracers that initially cooled
below solidus are re-heated before eruption to temperatures com-
patible with zircon crystallization. The average temperature of the
tracers (i.e. of the magma eventually sampled by an eruption) ini-
tially increases and then reaches rather constant values in all mod-
els (Fig. 4). The rate of temperature increase at the beginning of
the model depends on the magma flux. The plateau value of aver-
age temperature along with its standard deviations in the different
models decreases slowly with time: the rate of this decrease again
depends on the average rate of magma input (Weber et al., 2020a).
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6. Discussion
6.1. Episodic vs. continuous zircon crystallization

Zircon age distributions are often difficult to interpret in terms
whether they indicate episodic or continuous crystallization (Kent
and Cooper, 2017). Due to the uncertainties of the U-Th model
dates, brief (less than few thousand years) perturbations in magma
temperature or chemistry cannot be resolved. A hiatus in zir-
con crystallization could be due to various processes (Reid and
Vazquez, 2017):

1. local Zr depletion in the surrounding melt, especially under
conditions where melt convection ceased (little to no replen-
ishment of fresh magma);

2. increasing temperature above Zr-saturation or mixing with Zr-
undersaturated melt during recharge (inducing resorption);

3. zircon entrapment by a major phenocryst phase, or into a sub-
solidus part of the magma reservoir.

Episodic vs. continuous zircon crystallization is usually inter-
preted based on various statistical techniques such as probability
and kernel density distributions of zircon ages, isochron slopes or
the Sambridge and Compston (1994) mixture modelling. Frey et
al. (2018) suggested episodic zircon crystallization separated by
long subsolidus conditions for the youngest volcanism of Dominica
(Lesser Antilles) based on the hiatuses observed in the zircon spec-
tra. In contrast to the punctuated zircon age distributions shown
by Frey et al. (2018), the Ciomadul zircon surface dates lack pro-
nounced gaps in the age distributions. However, we cannot exclude
the possibility that punctuated crystallization was occurring on
timescale shorter than the uncertainty on zircon age determina-
tions (i.e. in <10 kyr scale). Within the magmatic zoning, only
inconspicuous resorption surfaces are occasionally present, sug-
gesting partial dissolution and renewed crystallization of zircon
crystals, possibly due to magma recharge. Local chemical depletion
of the melt (Reid and Vazquez, 2017), interrupting zircon crystal-
lization, could also occur due to high crystallinity (>40-50 vol%) in
the magma reservoir, suppressing bulk magma convection. Lulls in
zircon crystallization can be caused by pre-eruptive heating above
the zircon saturation temperature (710-770°C; Fig. 3.), and this
might be indicated by zircon surface ages significantly (with a few
10’ kyr) predating the eruption. This is recognized for several of
the Ciomadul samples (Harangi et al., 2015a) and also for other
volcanic systems (e.g., Friedrichs et al., 2020; Gengalioglu-Kuscu et
al., 2020; Weber et al.,, 2020a). Pre-eruptive reheating may stop
zircon crystallization or even dissolve the outermost zircon lay-
ers. Alternatively, very thin new overgrowths may go undetected
when integrating data over the outer ~4 pm deep crater gener-
ated during SIMS depth profiling. Furthermore, newly formed zir-
con crystals growing just before eruption might be too small for
separation and therefore may be underrepresented in the obtained
zircon ages.

Based on zircon age spectra and textural evidence, the favoured
scenario for Ciomadul is prolonged (over several 100’s kyr) zir-
con crystallization in a long-lived, mostly highly crystalline mushy
environment with limited convection, where occasional interrup-
tions in zircon crystallization were due to localized recharge, Zr
depletion in the melt or shielding by solidification. The succes-
sive zircon U-Th and U-Pb dates from the YCEP dacites overlap
within analytical uncertainties in ranked order distribution plots
(Fig. 2). Thus, the zircon age spectra are permissive of protracted
and quasi-continuous crystallization (>350 kyr). Both interior and
surface zircon ages record long crystallization histories for each
eruption and hence the overall timescale of zircon crystallization
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Fig. 4. Results of the thermal modelling performed for different magma input rates (decreasing from panel a to d). The grey lines show the evolution of the tracers that
are within the zircon saturation temperature range after 2 Myr of magma injection (time increasing from right to left). The black lines and the bar show the evolution
of mean temperature and standard deviation during the 2 Myr of magma injection, respectively. The histogram in pink shows the calculated distribution of potentially
detectable zircon ages since the onset of magma injection (note y axis shows the relative frequency in this case). The dashed line represents the range of zircon saturation
temperature used for the calculations. The bars above the panels show the zircon age spread in the samples of eruption epoch 5 within the YCEP. Note that ages >350 ka are
underrepresented, as U-Pb dates are limited in the data set. The age spread of the natural zircon data has the best fit with the modelled duration for the lowest magma input
rate (panel d). Average zircon crystallization temperatures with the standard deviation calculated based on Ti-in-zircon thermometry data (Appendix Fig.A.4) for the YCEP
and OCEP, respectively, as well as the calculated zircon saturation temperature range (Fig. 3) are presented on the left side of the diagrams for comparison to the modelled

average temperature.

can be considered as a robust indication of magmatic longevity
within the temperature range where zircon is saturated. Quasi-
continuous zircon crystallization is also evident from individual
crystals, including those from a ca. 95 ka old lava dome. A pro-
gressive rimwards younging is observed for multiple analysis spots
on different crystals, which yielded ages that decrease from 293
ka to 128 ka (Appendix Fig. A.1). This suggests that zircon crys-
tals were in contact with melt at least intermittently throughout
their residence time and thus, a significant part of the magma
storage occurred at temperatures above the solidus. In this sense,
crystallization can be regarded as continuous (i.e. without hiatuses
significantly longer than the uncertainty on single age determina-
tions) in the reservoir as a whole. In order to generate statistically
significant hiatuses in the distribution of zircon ages, gaps in zircon
crystallization (or zircon resorption) would have to be extensive to
affect a large portion of the magma reservoir, which, however, is
not observed in the distribution of zircon ages.

To maintain a long-lived reservoir above its solidus, continu-
ous magma input, i.e. repeated magma recharge is required. Al-
though the Ciomadul magma storage system was maintained via
recharge events for protracted time, episodically more intensive
magma input (e.g., >200 °C reheating before the 135 ka Ciomadul
Mic lava dome extrusion; Kiss et al., 2014) likely triggered eruptive
events.

6.2. Zircon crystallization in a long-lasting subvolcanic magma
reservoir

The common occurrence of low temperature (650-750 °C) min-
eral assemblages and felsic crystal clots with inter-crystalline
glasses in the Ciomadul dacites suggest that at least part of the
subvolcanic magma reservoir was kept at high crystallinity (Kiss et
al., 2014). Periodic recharge events led to partial remelting of the
major mineral phases (mostly plagioclase, amphibole and biotite),
rejuvenating parts of the reservoir to become eruptible. Eruption of
magma occurred from well-mixed domains within the magmatic
system with antecrystic major and accessory minerals. Zircon pop-
ulations with various crystallization ages formed during episodic
mush reorganization that not necessarily caused eruption but coa-
lescence of distinct parts of the reservoirs during convecting stir-
ring episodes (Vazquez and Reid, 2004; Bachmann and Bergantz,
2006).

The efficiency of pre-eruptive rejuvenation is reflected by the
wide range of zircon dates in all samples. The heterogeneity of
zircon ages and variation in trace element compositions in single
hand-samples imply that multiple zircon generations became suc-
cessively mixed and ultimately entrained into the erupted magma.
Bulk rock compositions are fairly homogeneous and variations
in zircon chemistry are similar in each eruption product (Fig. 3
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Fig. 5. Zircon crystallization ages (with 2se uncertainty) of OCEP eruption products based on U-Pb geochronology data of Lukdcs et al. (2018). The orange triangles below the
main diagram represent the eruption ages (cf. Fig. 1) with uncertainties given by Molndr et al. (2018). Abbreviations: AB = Turnul Apor; BAL = Balvanyos; BH = Puturosul;
NH = Dealul Mare; BL = Baba-Laposa; MB = Bixad; MB-M = Malnas; PD = Pilisca; NM = Murgul Mare (Fig. 1).

and Fig. A.5 in Supplementary Material), suggesting efficient pre-
eruption mixing in the magma reservoir. Glass major element data
(matrix glass and silicate melt inclusions; Vinkler et al., 2007; Ha-
rangi et al., 2020; Karatson et al., 2016; Laumonier et al., 2019)
of the eruptive products are rhyodacitic to rhyolitic and such com-
positional variation is supported also by the mineral cargo show-
ing considerable compositional range (e.g., amphiboles; Kiss et al.,
2014; Laumonier et al., 2019). Zircon Th/U values in each eruption
product vary widely implying mixed crystal populations that are
derived from variously evolved silicic melt fractions in the crystal
mush body. Zircon crystals are expected to occur mostly immersed
in the melt phase because of their small size (Reid et al., 1997;
Bindeman, 2003; Claiborne et al., 2010), and they remain stable
for protracted durations at the dominantly low, near solidus tem-
perature (700-750°C) of the crystal mush. This is supported also
by the results of thermal modelling which indicate rather constant
average temperatures (650-750°C; Fig. 4) in the crustal magma
reservoir for 100’s of thousands of years.

Rejuvenation events were likely brief, particularly when high
temperature mafic magmas were injected into the crystal mush
reservoir. The bimodality of the amphibole population (Kiss et al.,
2014; Laumonier et al., 2019) in the dacites suggests that the
erupted magmas contained a mixture of components from the
low-temperature felsic mush and the hot recharge magmas. Note-
worthy, we have not found zircons with relatively high tempera-
ture (>750°C) nor strong resorption within zircon crystals, sug-
gesting rapid pre-eruption reactivation. Nevertheless, if the system
is highly crystallized, magma injection does not necessarily result
in an increase of temperature because all heat is consumed for
melting the crystals.

Similarly long-lived magma reservoirs have been identified for
other andesitic to dacitic volcanic systems such as Mount St Helens
(Washington, USA; Claiborne et al., 2010), Lassen Peak (California,
USA; Klemetti and Clynne, 2014), Nevado de Toluca, Mexico (We-
ber et al., 2020a), the Altiplano-Puna Volcanic Complex (Central
Andes; Kern et al., 2016; Tierney et al.,, 2016), the Soufriére vol-
cano (St. Lucia, Lesser Antilles; Schmitt et al, 2010) and the Mt.
Erciyes (Central Anatolia, Turkey; Friedrichs et al., 2021), as well as
for the large volume Fish Canyon Tuff (Colorado, USA; Bachmann
et al,, 2007; Wotzlaw et al., 2013) and Younger Toba Tuff, Indonesia
(Vazquez and Reid, 2004; Reid and Vazquez, 2017). Although these
volcanic systems yielded magma volumes in scale from 10 to the

few 1000 km?, they all have a common feature that these erup-
tions tapped cool (just above the solidus) and wet calc-alkaline
silicic magmas (Lipman and Bachmann, 2015; Reid and Vazquez,
2017). This feature holds also for the Ciomadul dacites (Kiss et al.,
2014; Laumonier et al., 2019).

6.3. Relations to the older magma reservoirs

Within the studied zircon population of the YCEP samples, there
are some zircon interiors crystallized before the 344433 ka Apor
eruption (Molndr et al.,, 2018), the last known eruption in the OCEP
phase (Fig. 2 and 5). Thus, they are presumably derived from its
precursor magma body. Much older zircon crystals (derived from
Epoch 1 and 2 of OCEP, Fig. 5), on the other hand, are scarcely
observed in the YCEP samples. This can be explained either by
the peripheral and isolated position of the OCEP magma reservoirs
beneath the Ciomadul volcanic dome field except for Apor dome
that is within the CVC (Fig. 1) or because these reservoirs were al-
ready solidified at the time of the YCEP eruptions. Thus, the YCEP
subvolcanic magma body can reasonably be interpreted as the con-
tinuation of the Apor system that existed during the apparently
long eruption hiatus before YCEP volcanism (ca. 160 ka; Molnar
et al,, 2019). The Apor eruption contains zircon with ages >500
ka, which cover the eruption and zircon crystallization ages of the
previous OCEP Epoch 2 eruptions (Fig. 5). All preceding eruption
materials of OCEP show overlapping zircon age spreads. This im-
plies a continuity of magma storage and efficient recycling of OCEP
intrusions in the subsequent eruptive epochs.

The apparent continuity between OCEP and YCEP systems
has two important implications: 1) zircon crystallization already
started >1.5 Ma ago; 2) the spatial overlap between eruption
centres within the CVDF since the Apor eruption suggests homog-
enization of a common magma reservoir where zircon with differ-
ent ages became efficiently mixed before eruptions. Therefore, we
propose that the ~100 km? CVDF represents the subaerial mani-
festation of an extensive magma reservoir in the upper crust that
has built up over 1.5-2 Myr. This occurred in an already slightly
heated crust as a result of the nearby Pilisca volcanism (Fig. 1; Pre-
Ciomadul volcanism). Although some parts of this magma reservoir
became certainly solidified, there were always portions with suffi-
cient melt present that allowed episodic rejuvenation and eruption.
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The thermal condition of the long-lived magma reservoir be-
neath Ciomadul during the YCEP stage appears to have been fairly
low, as indicated by the generally low Ti content of zircons (Ap-
pendix Figs. A4 and A.6) and the abundance of a felsic mineral
assemblage with compositions indicative of crystallization at rela-
tively cold environment (<750 °C; Kiss et al., 2014). This is consis-
tent with prolonged existence of a felsic crystal mush just above
the solidus that was growing by progressive magma input (Car-
icchi et al., 2014). Felsic glomerocrystic crystal clots (consisting
of plagioclase, low-Al amphibole, biotite, accessory minerals such
as titanite, zircon and apatite as well as occasional quartz and K-
feldspar; Kiss et al., 2014) occur frequently in the dome rocks and
they are inferred to represent this evolved crystal mush material.
The inter-crystalline vesiculated glass has mostly rhyolitic compo-
sitions (Laumonier et al.,, 2019) and represents the evolved melt
fraction in the crystal mush, where zircons remained stable for
a long time. On the other hand, zircon from the OCEP stage has
slightly higher Ti abundances and trace element signatures indi-
cating derivation from less evolved melt compared to YCEP zircon
(Fig. 3; Appendix Figs. A.5-6). These rocks show a larger variability
in bulk rock composition (Molnar et al., 2018) and typically have
plagioclase and amphibole pairs (Harangi et al., unpubl. data) pro-
viding higher crystallization temperatures than those in the YCEP
dacites. Thus, there is a temporal shift to more evolved and ho-
mogeneous magma and lower temperature condition from OCEP
to YCEP. Based on the model results discussed below, this suggests
that the system has grown with time, leading to an increasingly
homogeneous magma composition characterized by relatively con-
stant and low temperatures consistent with the results of Weber
et al. (2020b).

6.4. Maintaining the protracted Ciomadul reservoir based on thermal
modelling

The zircon U-Pb and U-Th model ages show that all YCEP erup-
tions between 160 and 30 ka sample zircon up to 600-500 ka old
and that the zircon age range increases for progressively younger
eruptions. This means that in addition to newly crystallized zircon,
antecrysts from earlier episodes were recycled (Fig. 2). Such an
age spread suggests quasi-continuous zircon crystallization over a
protracted (several 100’s kyr) timescale and effective pre-eruption
mixing within the Ciomadul magma reservoir. Although Kent and
Cooper (2017) proposed that uncertainties of individual zircon ages
preclude assigning unique thermal histories to such data, Weber et
al. (2020a) showed that the reliability of natural zircon age distri-
butions strongly depends on the sampling size. Therefore, the total
duration of quasi-continuous zircon crystallization (as recorded by
the zircon age spread) and the average temperature within the
magma reservoir (reflected by the crystallization temperatures cal-
culated by Ti-in-zircon thermometry as well as major mineral ther-
mometry; this study and Kiss et al., 2014; Laumonier et al.,, 2019)
are solid proxies to estimate the thermal evolution and average
rate of magma input into the plumbing system and the volume
of melt within the reservoir (Fig. 4). We considered that the pre-
Ciomadul volcanism already heated up the crust. Noteworthy, none
of the Ciomadul eruption sampled zircons from the older (>1.65
Ma) magma reservoir and the Ciomadul magma has also a dis-
tinctive compositional feature compared to the >1.65 Ma andesitic
to dacitic rocks of South Harghita (Molnar et al., 2018). Thus, the
Ciomadul magma system developed independently from the older
volcanism but in an area with an already elevated geothermal
gradient. The relatively homogeneous composition of the erupted
products since 600 Ma (epoch 2; Molnér et al,, 2018, 2019) also
suggests an elevated geothermal gradient already at the beginning
of volcanism, otherwise with the low magma flux indicated by our
model more time would be required both to match the spread of

Earth and Planetary Science Letters 565 (2021) 116965

zircon ages and their measured chemical homogeneity (Weber et
al., 2020b).

The total spread in zircon ages sampled by the last eruption
stage (eruptive epoch 5) of Ciomadul is about 600 kyr and the
model that produces a similar spread in zircon ages is that for
the lowest average rate of magma input tested here (1.3 x 10~*
km3/yr; Fig. 4d). Further support for this relatively low rate of
magma input comes from crystallization temperature estimates.
The calculations performed with this rate of magma input show
that the average temperature over the last 0.5 Ma should be be-
tween 670 and 720°C, which is remarkably similar to that ob-
tained by the Ti-in-zircon as well as the major mineral ther-
mometers (Figs. 3 and 4d). Higher magma fluxes would produce
longer periods of continuous zircon crystallization and higher av-
erage temperature estimates. As an example, if the magma flux
was two times higher (i.e. 2.7 x 10~* km?/yr), zircons ages could
spread over about 1.5 Ma, with average temperatures of the order
of 720-750°C (Fig. 4a). As lower rates of magma input in the crust
over longer timescales (i.e. >2 Ma) could potentially also yield
a similar spread in zircon ages and average temperatures, 1.3 x
104 km?3/yr is considered as a maximum estimate. This estimated
magma flux is significantly lower than calculated for Nevado de
Toluca volcano (Mexico), which was active for a comparable times-
pan as Ciomadul, but produced six-times larger erupted magma
volume (60 km?>; Weber et al., 2020a).

At the preferred model rate of 1.3 x 10~* km?/yr magma flux,
about 260 km® magma was injected in the upper crust over 2
Myr. The melt fraction in this reservoir and the volume of the
eruptible magma were calculated for this timespan based on the
thermal model presented in this study. The volume of the eruptible
magma (i.e., the magma fraction having >50% melt at >800°C)
along with the fraction of supersolidus, but uneruptible material
(high crystallinity mush at >670°C) in the reservoir both increase
with time and just before the eruptive epoch 4 they reach ~6 km?
and 35 km?, respectively (Fig. 6). This is consistent with the pro-
ductivity of epoch 4 resulting in 4-5 km? cumulative volume of
extrusive material for a timespan of 70 kyr from 160 to 90 ka
(Szakacs et al., 2015; Karatson et al., 2019; Molnar et al., 2019). In-
termittent evacuation of small volumes of magma are negligible for
the thermal state of the entire magma reservoir and the eruptive
loss of magma is compensated by injection of fresh magma. This
means that sufficient potentially eruptible magma remained after
40 kyr of dormancy at the onset of the eruptive epoch 5. For con-
tinued magma injection, we suspect that similar conditions exist
presently beneath Ciomadul as supported by seismic and magne-
totelluric models (Popa et al, 2012; Harangi et al., 2015b). The
estimated magma and melt volume derived from thermal mod-
elling of zircon crystallization is comparable, although a little bit
lower, than calculated by Laumonier et al. (2019) based on magne-
totelluric results and conductivity experiments. The comparatively
small volume of erupted material produced by Ciomadul so far (ca.
8-10 km> as determined by Szakics et al., 2015; Karitson et al.,
2019; Molnar et al., 2019) results in an extrusive-intrusive ratio
of 1:25 to 1:30, lower than the 1:1 to 1:16 ratio of average con-
tinental volcanism (White et al., 2006), but higher than the 1:75
ratio proposed for the waning stages of the Altiplano-Puna magma
system (Tierney et al., 2016). Remarkably, based on seismic and
stratigraphic data, similar volcanic to plutonic ratios were calcu-
lated for Pinatubo (Mori et al., 1996; Wolfe and Hoblitt, 1996) and
Nevado del Toluca (Weber et al., 2020a), which produced dacitic
volcanic rocks akin to Ciomadul.

The dacitic upper crustal reservoir of Ciomadul seems ther-
mally primed and therefore potentially capable of mobilizing up
to a few km>'s of eruptible magma upon recharge. Injection of
hot mafic magma as evidenced by petrology and mineral chem-
istry of the past eruption stages (Kiss et al., 2014; Laumonier et
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Fig. 6. Time evolution of supersolidus and eruptible magma volumes in the Ciomadul magmatic system based on thermal modelling results. a) Volume of magma above
solidus calculated for the simulated range of magma fluxes. The inferred 1.3 x 10~ km?/y magma flux over 2 Myr led to around 30-40 km® magma in supersolidus state
within the magma reservoir of estimated 260 km> volume. b) Volumes of eruptible magma containing in excess of 0.5 (orange) and 0.6 (red) melt fraction. The spikes
correspond to the random injection of a new sill into the plumbing system. Note that the magma system is capable to produce continuously larger volume of eruptible
magma reaching 6 to 7 km®> when the eruptive epoch 4 and 5 occurred at Ciomadul.

al,, 2019) is a powerful trigger mechanism causing rapid (within
months to years) rejuvenation. Further research is necessary as
apparently inactive volcanoes with primed magma reservoirs like
Ciomadul could revive fast even after long (in human terms) pe-
riods of quiescence, which has significant implications for volcanic
hazard assessments. Our results urge attention to other areas with
long-dormant volcanoes, which could have unnoticed, but long-
living and still active subvolcanic magma reservoir.
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