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Abstract

Mafic enclaves are commonly found in intermediate arc magmas, and their occurrence has been linked to eruption triggering by
pre-eruptive magma mixing processes. New major, trace, Sr–Nd and U–Th isotope data of rocks from Nisyros in the Aegean
volcanic arc are presented here. Pre-caldera samples display major and trace element trends that are consistent with fractionation of
magnetite and apatite within intermediate compositions, and zircon within felsic compositions, and preclude extensive hybrid-
ization between mafic and felsic magmas. In contrast, post-caldera dacites form a mixing trend towards their mafic enclaves. In
terms of U-series isotopes, most samples show small 238U excesses of up to ∼10%. Mafic enclaves have significantly higher U/Th
ratios than their dacitic host lavas, precluding simple models that relate the mafic and felsic magmas by fractionation or aging
alone. A more complicated petrogenetic scenario is required. The post-caldera dacites are interpreted to represent material
remobilized from a young igneous protolith following influx of fresh mafic magma, consistent with the U–Th data and with Sr–Nd
isotope constraints that point to very limited (b10%) assimilation of old crust at Nisyros. When these results are compared to data
from Santorini in the same arc, there are many geochemical similarities between the two volcanic centers during the petrogenesis of
the pre-caldera samples. However, striking differences are apparent for the post-caldera lavas: in Nisyros, dacites show geo-
chemical and textural evidence for magma mixing and remobilization by influx of mafic melts, and they erupt as viscous lava
domes; in Santorini, evidence for geochemical hybridization of dacites and mafic enclaves is weak, dacite petrogenesis does
not involve protolith remobilization, and lavas erupt as less viscous flows. Despite these differences, it appears that mafic enclaves
in intermediate Aegean arc magmas consistently yield timescales of at least 100 kyrs between U enrichment of the mantle wedge
and eruption, on the upper end of those estimated for the eruptive products of mafic arc volcanoes. Finally, the data presented here
provide constraints on the rates of differentiation from primitive arc basalts to dacites (less than ∼140 kyrs), and on the crustal
residence time of evolved igneous protoliths prior to their remobilization by mafic arc magmas (greater than ∼350 kyrs).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A variety of processes have been identified as poten-
tial triggering mechanisms for volcanic eruptions, in-
cluding volatile build-up, fractional crystallization and
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Fig. 1. The U–Th equiline diagram can be used to test simple models
for the petrogenesis of intermediate arc magmas and their mafic
enclaves. (a) In arcs, the U–Th mantle wedge composition is domi-
nated by subducted sediments, e.g. GLOSS (Plank and Langmuir,
1998). Fluid addition to the mantle wedge produces 238U excesses in
the parental basalts. Dacites are generated through fractional crys-
tallization from these basalts over time, resulting in a vertical array. (b)
A similar array is produced by mixing of basalts with more evolved arc
magmas that formed as in (a), but aged to secular equilibrium. (c)
Mixing of basalts with old continental crust, e.g. average CC (Taylor
and McLennan, 1995), will also produce dacites, but will introduce a
range in U/Th ratios.
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magma recharge (e.g. Francis et al., 2000). In particular, it
has been shown that the injection of mafic magma into a
magma reservoir of intermediate composition may
trigger eruption due to the combined effects of increased
mass, heat and volatile input (Sparks et al., 1977). The
abundance of mafic enclaves in andesites and dacites
from a number of arc volcanoes, and disequilibrium
textures in the host lavas, provide support for this model
(e.g., Bacon, 1986; Clynne, 1999; Murphy et al., 2000;
Harford and Sparks, 2001; Zellmer et al., 2003b;
Mortazavi and Sparks, 2004). However, the petrogenetic
relationship between mafic enclaves and their host lavas
remains elusive, and the origin of arc lavas of
intermediate composition is still controversial (e.g.,
Reagan et al., 2003; Zellmer et al., 2003a, 2005).

U–Th isotopes provide information on time scales of
b350 kyrs and can, in principle, be used to determine the
age relationships between different magmas (e.g.,
Condomines et al., 2003; Turner et al., 2003). In the
simplest model, island arc dacites evolve largely by
fractional crystallization from basaltic parents, which
typically have 238U excesses. Since 238U excesses return
to secular equilibrium via 230Th in-growth, mafic
enclaves injected prior to eruption into a dacite produced
by fractionation of similar but older basalts should plot
vertically below the dacite at lower (230Th/232Th) on a
U–Th equiline diagram (Fig. 1a). However, it has been
suggested that some arc dacites are produced by a more
complex process involving a combination of partial re-
melting of older arc basalts and partial crystallization of
new mafic inputs in a lower crustal hot-zone (Annen and
Sparks, 2002). So long as the process only involves re-
melting of previous arc inputs, a similar relationship
should result in U–Th isotope space because old lavas
will have simply evolved vertically up to the equiline
(Fig. 1b). In contrast, assimilation of old continental
crust with low U/Th ratios will result in a trajectory to
low (230Th/232Th) and U/Th (Fig. 1c). Thus, in
combination with other geochemical and petrological
data, U–Th isotopes may provide valuable constraints
on different models for the origin of, and the relation-
ships between, mafic and evolved arc magmas.

In this contribution, data from lavas erupted on
Nisyros in the Aegean volcanic arc, including a number
of dacites and associated mafic enclaves, are presented.
Together with data from Santorini (Zellmer et al., 2000),
which also include a number of dacites and mafic
enclaves, the results are then used to explore likely
relationships between the mafic and evolved composi-
tions, and to provide constraints on the processes and
rates of petrogenetic evolution of intermediate arc
magmas.



Fig. 2. Outline geological map of Nisyros, adapted from Volentik et al. (2005a). Sampling locations and GZNis sample numbers are indicated
(cf. Tables 1–3). Inset: Map of the Aegean volcanic arc, with sites of young volcanic activity in black. Nisyros is the easternmost site of active
volcanism.
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Fig. 3. Photomicrographs of post-caldera dacites and their mafic
enclaves. (a) Crossed-polarized light image of rounded plagioclase
phenocrysts in the host dacite close to the mafic enclave. (b) Partially
resorbed plagioclase crystal within the mafic enclave. (c) Contact
between host and the enclave, which in some areas displays a
discontinuous fine-crystalline margin. The arrows indicate potential
sites of transfer of mafic material into the dacite.
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2. Geological background

The island of Nisyros is situated at 36°35′N/27°11′ E,
and is the easternmost volcano of the active Aegean arc
(see inset to Fig. 2). A simplified geological map of
Nisyros, adapted from Volentik et al. (2005a), is given in
Fig. 2, and sample locations are indicated. The detailed
stratigraphy and the volcanological evolution of the
island are discussed in Volentik et al. (2005b) and
Vanderkluysen et al. (2005), and are briefly summarized
here. The volcanic history began with a transition from
sub-marine to subarial eruptions less than ∼160 kyrs
ago, followed by a complex history of volcanic con-
struction and sporadic destruction, leading to the for-
mation of a stratocone composed of basaltic andesitic to
rhyolitic lava flows, and pyroclastic and debris ava-
lanche deposits. Eruption of the Pali synthem of rhy-
olitic lava flows and white pumices then resulted in the
formation of the present caldera. Subsequent magmatic
activity involved the partial filling of this caldera
through effusion of six voluminous lava domes (Profitis
Ilias synthem), here referred to as the post-caldera
dacites.

There are very few radiometric eruption age con-
straints for Nisyros. The absence of K-bearing pheno-
cryst phases makes argon-based dating a difficult
challenge. As a result, the few absolute eruption age
constraints for the pre-caldera deposits of Nisyros,
ranging from 0.024 Ma to 0.20±0.05 Ma, are internally
discordant (cf. Pe-Piper and Piper, 2002). The Kos
Plateau Tuff, which is not found on Nisyros but on
surrounding islands, provides a maximum age limit of
161.3±1.1 ka (Smith et al., 1996) for subarial volcanism
on Nisyros. Further, there are no absolute eruption age
constraints on the post-caldera domes. However, pumice
fall deposits on the nearby island of Yali cover soils that
contain neolithic artifacts (Keller, 1982), and while Yàli
pumice has been found remobilized on talus deposits
inside the caldera walls of Nisyros (Volentik et al.,
2002), they do not occur on post-caldera dome surfaces
or interlayered within dome-related detritus. This
suggests that the domes are younger than 10 kyrs.

A number of previous petrological and geochemical
studies have provided insights into a variety of petro-
genetic processes operating at Nisyros. For the pre-
caldera deposits, they include fractional crystallization
(Di Paola, 1974), and fractional crystallization com-
bined with assimilation (AFC) of crustal lithologies
(Wyers and Barton, 1989). There is also some evidence
for magma mixing (Seymour and Vlassopoulos, 1992).
Post-caldera rocks show clear evidence of magma
mixing as identified through petrographic observations
and trace element geochemistry (Wyers and Barton,
1989; Seymour and Vlassopoulos, 1992). Francalanci
et al. (1995) attempted to integrate these processes into a
model of magmatic evolution occurring in a single
magma reservoir that was active throughout the volcanic
history of Nisyros. However, geobarometric data points
to a more complicated magma plumbing system in
which the dacites and rhyolite magmas crystallized at a
deeper level than the mafic magmas (Wyers and Barton,
1989), and recent Sr–Nd–Hf–Pb isotope data document
the existence of more than one crustal assimilant during
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the magmatic evolution of the volcano (Buettner et al.,
2005). The relative importance of the suggested variety
of petrogenetic processes will be reassessed in this
study.

3. Analytical techniques

All data were collected at the Open University,
U.K., at approximately the same time as published
data from Santorini (Zellmer et al., 2000). Major
and trace elements were analyzed by XRF, and Cs,
Zn, Co, Ta, Hf and the rare earth elements by
INAA, following standard techniques (Potts et al.,
1985; Ramsey et al., 1995). Sr and Nd isotope ratios
were determined statically in multi-collector mode on
Finnigan MAT 261 and 262 thermal ionization mass
spectrometers, over a period of several weeks. Sr
was fractionation corrected to 86Sr/88Sr=0.1194, and
Nd to 146Nd/144Nd=0.7219. The NBS 987 Sr and
the Open University internal Johnson and Matthey
(J and M) Nd standards gave running means of
87Sr/86Sr=0.71022±0.00003 (2σ) and 143Nd/144Nd=
0.511683±0.000030 (2σ), respectively. To facilitate
comparison with data from Santorini published by
Zellmer et al. (2000), all samples were normalized to
an Open University J and M 143Nd/144Nd ratio of
0.511836, which corresponds to a La Jolla 143Nd/144Nd
ratio of 0.511865 (Ian Parkinson, pers. comm., 2006).
The standard ratios reported here thus correspond
closely to the generally accepted ratios of ∼0.71024
and ∼0.511860 for the NBS 987 Sr and La Jolla Nd
standards, respectively. Blanks were typically b2 ng for
Sr, and b500 pg for Nd.

Th and U concentrations and 230Th/232Th isotope
ratios were determined by thermal ionization mass
spectrometry on a high abundance sensitivity Finnigan
MAT 262, equipped with an RPQ-II energy filter.
Samples were spiked with a mixed 229Th–236U tracer
and the dissolution and chemical separation procedures
employed were the same as those described by Turner
et al. (1996). Mass spectrometric procedures followed
those described in van Calsteren and Schwieters (1995),
with an external reproducibility of b1.2% (2σ), moni-
tored using the Th′U′ standard. Total procedural blanks
for U and Th were typically 100 pg, which is negligible
compared to the ∼500 ng of sample typically loaded.
The error on U/Th ratios is b1.5% (2σ). Decay constants
used in the calculation of activity ratios were
λ230Th= 9.195 × 10− 6, λ232Th = 4.948 × 10− 11 and
λ238U=1.551×10−10 (Goldstein et al., 1989). Multiple
determinations of the AThO rock standard yielded
(230Th/232Th)=1.026±0.014 (n=11).
4. Results

4.1. Field and petrographic observations

A variety of inclusions are found in deposits from
Nisyros. There are holocrystalline xenoliths (e.g.
samples GZNis 12x, 24x, and 25x), andesitic lithics
(e.g. samples GZNis 05x, 22x and 31x), and most
notably mafic enclaves (e.g. samples GZNis 26x, 34x,
37x and 39x) hosted in more evolved rocks. Although
mafic enclaves are occasionally found in evolved pre-
caldera deposits, they are most abundant in the post-
caldera dacites, where they are typically a few cm in
size, and have crenulate margins.

Photomicrographs of post-caldera dacites and their
mafic enclaves are given in Fig. 3. Host dacites have
phenocrysts of plagioclase, amphibole and magnetite set
in a fine-grained groundmass of feldspar, amphibole and
magnetite. Plagioclase phenocrysts are frequently
rounded, especially near contacts with the mafic
enclaves (Fig. 3a). The enclaves are phenocryst poor.
Their groundmass is coarser grained than that of the host
dacite, and diktytaxitic in texture, characterized by
randomly oriented elongated microlites of feldspar and
amphibole, and some oxides. They also contain some
larger crystals of plagioclase that show strong disequi-
librium textures such as wide sieve-textured zones of
partial resorption (Fig. 3b). In the narrow contact zone to
their host rock, the groundmass of the enclaves is in
places a little finer grained, displaying a discontinuous
‘chilled’ margin (cf. Fig. 3c).

4.2. Major and trace element data

New XRF major and trace element data from the
youngest eruptive products of Nisyros are given in
Table 1. Most samples are typical arc basaltic andesites
to rhyolites of calc-alkalic (cf. Peacock, 1931), low- to
medium-Fe (cf. Arculus, 2003), and medium- to high-K
(cf. Gill, 1981, and Fig. 4a) composition. Although
mapping has yielded a complicated ∼150 ka history of
multiple eruptive episodes (Vanderkluysen et al., 2005;
Volentik et al., 2005b), the geochemical trends point to a
less complex petrogenetic evolution, and samples from
Nisyros have been divided here into pre-caldera and
post-caldera host rocks and xenoliths. In pre-caldera
samples, FeO, MgO, CaO, Al2O3 and Sr are compatible;
K2O, Rb and Ba are incompatible, as are Zr and Nb
except in some high silica rocks; and TiO2, Na2O, P2O5

and Y are incompatible in low silica and compatible in
high silica rocks. Post-caldera samples have slightly
lower K2O, Rb, Y, Zr, Nb and Ba, and slightly higher Sr



Fig. 4. Major element oxide and trace element variation diagrams of Nisyros samples, with SiO2 as differentiation index. Symbols: (⋄) pre-caldera
rocks; (♦) pre-caldera lithics and enclaves; (×) holocrystalline xenoliths, sample GZNis 12x omitted for scaling purposes; (▵) post-caldera dacites;
(•) post-caldera mafic enclaves. Shaded fields represent previously published data of pre-caldera (light grey) and post-caldera (dark grey) rocks
(Francalanci et al., 1995; Buettner et al., 2005), while solid fields in (c) represent are data for Santorini's post-caldera Kameni dacites and their
enclaves (Zellmer et al., 2000). See text for discussion.
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concentrations than pre-caldera samples (cf. Fig. 4).
Further, the post-caldera dacites define a straight trend
which projects back to their mafic enclaves, particularly
obvious in terms of Sr and TiO2 versus SiO2. The high-
silica end of this trend has high Sr concentrations and
low TiO2, P2O5, Y and Zr concentrations compared to
most pre-caldera samples (cf. Fig. 4).

Rare earth element (REE) and trace element INAA
data of selected samples are given in Table 2, and
chondrite-normalized REE abundance patterns are potted
in Fig. 5. The light rare earth elements (LREE), La to Nd,
are enriched relative to the middle rare earths (MREE),
Pm to Ho, and heavy rare earths (HREE), Er to Lu. The
LREE enrichment is more pronounced in the post-caldera
dacites, which also display distinctive trough-shaped
patterns in the MREE and HREE. These features point to
an involvement of amphibole in the petrogenesis of the
post-caldera dacites, either as a crystallizing phase or in
the residue during melting (e. g. Tiepolo et al., 2000, and
references therein). One mafic enclave has been analyzed
and has a REE pattern similar to the pre-caldera samples,
but is lacking a weak negative Eu anomaly that is
observed in most other samples.
4.3. Isotope data

New Sr–Nd isotope data are given in Table 3 and
plotted in Fig. 6. Two compositional groups are apparent:
the dacites and the mafic inclusions define a linear trend
towards low 143Nd/144Nd ratios, while three more mafic
pre-caldera samples yield higher 87Sr/86Sr and
143Nd/144Nd ratios and lie within the trend defined by
the Santorini samples (Fig. 6a). Fig. 6b shows increasing
87Sr/86Sr with increasing SiO2 for both compositional
groups, suggesting that Sr–Nd isotopic changes occur
during magmatic differentiation and are therefore likely
to be due to assimilation of two isotopically distinct
lithologies during crustal magma evolution.

U–Th disequilibria are shown on an equiline diagram
in Fig. 7. Most samples are in U–Th equilibrium or have
small 238U excesses. At Nisyros, the post-caldera
dacites have (238U/232Th) ratios between 0.84 and
0.87, and (230Th/232Th) ratios between 0.82 and 0.86.
The mafic enclaves display slightly greater (238U/232Th)
ratios between 0.92 and 1.04, and one enclave (GZNis
37x) displays the greatest U-excess (although still only
∼10%). A reference line through this enclave and the



Table 2
Nisyros INAA data

GZNis # 03 08 10 14 16 21 35 36 37x

Unit lf 5 alf lf 7 lf 8 blf vuI pfi pfi pfi

Synthem Afionas Xolante Fournia Loutra Profitis Ilias

La 27.2 36.0 31.1 18.8 20.0 35.3 30.2 27.1 14.0
Ce 50.6 59.4 56.8 38.2 40.6 62.1 52.2 46.7 28.6
Nd 23.8 18.3 21.7 18.6 18.8 23.7 17.0 16.1 15.1
Sm 4.97 3.29 4.15 3.97 3.81 4.57 3.14 3.00 3.37
Eu 1.32 0.67 1.05 1.17 1.12 1.02 0.61 0.75 1.10
Tb 0.81 0.39 0.60 0.66 0.62 0.68 0.40 0.39 0.52
Yb 3.10 1.81 2.72 2.40 2.35 2.71 1.85 1.67 1.60
Lu 0.46 0.29 0.42 0.37 0.35 0.42 0.29 0.27 0.24
Th 5.9 13.4 8.5 3.6 3.5 11.4 12.0 9.3 1.8
U 2.0 3.9 2.6 1.1 1.4 3.7 3.3 2.6 n/d
Ta 0.90 1.31 1.04 0.66 0.56 1.30 1.19 0.93 0.33
Hf 4.32 4.00 4.84 3.26 3.29 5.47 4.64 3.81 2.72
Cs 1.22 1.59 3.05 1.00 0.80 1.65 2.37 2.71 0.30
Rb 51 98 80 43 37 83 92 73 17
Zn 103 30 62 67 58 44 34 38 72
Co 14.9 4.2 6.0 20.6 17.5 6.3 5.0 7.6 20.6
Cr 11 10 5 41 47 6 6 6 19
Sc 20.7 4.6 5.2 21.0 20.1 7.9 4.8 6.8 17.2

GZNis sample numbers are those given on Fig. 2. ‘x’ denotes a xenolith or enclave. Stratigraphic units are those of Volentik et al. (2005a).
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highest (238U/230Th) dacite yields an age of ∼104 ka,
which compares to a post-caldera whole-rock isochron
age of ∼140 ka for Santorini.

5. Discussion

5.1. Magmatic evolution at Nisyros

The major and trace element trends of many pre-
caldera products from Nisyros are very similar to those
displayed by samples from Santorini (cf., Huijsmans
et al., 1988; Zellmer et al., 2000), pointing to com-
parable petrogenetic processes at depth, dominated by
fractional crystallization. From Fig. 4 it is apparent that
the fractionating mineral assemblage includes titano-
magnetite (TiO2 begins to decrease at ∼59 wt% SiO2),
apatite (P2O5 and Y begin to decrease at ∼60 wt.%
SiO2), and zircon in the high silica samples (evidenced
by Zr leveling out at ∼250 ppm and decreasing to
b200 ppm in some samples). There is also petrographic
evidence for the crystallization of all of these phases at
Nisyros, and their participation in magmatic differenti-
ation through crystal fractionation has been modeled
previously (Wyers and Barton, 1989). Thus, while
magma mixing may occur across small compositional
ranges, the data preclude extensive mixing between
mafic and felsic magmas for the pre-caldera samples (cf.
Zellmer et al., 2005).
The post-caldera dacites of Nisyros are depleted in
MREE and HREE and have a steeper LREE trend
compared to the pre-caldera rocks, indicating that
amphibole was a prominent phase in their differentiation
history. Further, the post-caldera dacites of Nisyros fall
off the pre-caldera trends for a number of elements,
forming mixing lines towards the mafic enclaves. The
crenulated and in places chilled margins (cf. Fig. 3c) of
the mafic enclaves, and their diktytaxitic textures,
indicate that they are of magmatic origin and were
quenched during mingling and partial mixing with the
cooler host dacite prior to eruption. The large, partially
resorbed plagioclase crystals within the mafic enclaves
(cf. Fig. 3b) are interpreted to represent phenocrysts that
have originally grown within the host dacite and have
subsequently been taken up into the enclave. Further,
Wyers and Barton (1989) found petrographic evidence
for liberation of amphibole crystals from the mafic
inclusions, and mixing of the hot mafic material into
the cooler dacitic host is also consistent with the
discontinuity of the enclaves' margins (cf. Fig. 3c).
Thus, a compositional range is introduced into the
post-caldera dacites by mixing up to ∼30% towards
the enclaves due to incorporation of mafic enclave
material into the dacites, while enclave compositions
vary by a significantly smaller amount due to limited
incorporation of crystals from the dacites into the
mafic enclaves.



Fig. 5. Chondrite-normalised rare earth element (REE) patters of
Nisyros samples. Normalising values are taken from Sun and
McDonough (1989). Pr, Pm and Gd are interpolated between the
adjacent REEs. Data from Buettner et al. (2005) are shown as shaded
fields for comparison, and provide additional constraints on the middle
REEs. See text for discussion.
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The Sr–Nd isotope data indicates that some crustal
assimilation also occurred during the petrogenesis of the
Nisyros rocks. However, it appears that more than one
assimilant is present beneath Nisyros, consistent with
recent results of Buettner et al. (2005). One of the
assimilants to the less evolved pre-caldera samples may
be old crust similar to that proposed for Santorini
(Zellmer et al., 2000), although the amount of
assimilation small (less than ∼10%, cf. Fig. 6a). In
contrast, the more evolved samples, including all of the
post-caldera rocks, define a mixing trend with a high
silica composition that is significantly younger than
upper continental crust (cf. Figs. 4 and 6b), and is
therefore likely to be of magmatic origin.

In summary, the data suggests that at Nisyros, two
modes of magmatic evolution have been operating: For
most pre-caldera rocks, fractional crystallization and
assimilation of small amounts of various crustal
materials, including old crust, dominated magmatic
differentiation. Although the existence of some mafic
enclaves within the pre-caldera samples suggests that
magma mixing may also have been operating, the
inflexions in the major and trace element trends (Fig. 4)
indicate that hybridization was not extensive, and that
mixing affected the bulk geochemistry of the magmas
only to a limited degree. In contrast, the petrogenesis of
the post-caldera dacites involved exclusively magmatic
components, and there is no evidence for contributions
from old crustal sources. While their original magmatic
differentiation was affected by amphibole as a major
fractionating phase, their final compositional range
largely resulted from mixing with mafic magmas
represented by the enclaves. Remobilization of porphy-
ritic silicic host magmas through influx of mafic melts
that provide heat and volatiles has also been invoked at
other arc volcanoes and may be a widely applicable
process in the petrogenesis of intermediate arc magmas
(e.g., Murphy et al., 2000; Pichavant et al., 2002;
Mortazavi and Sparks, 2004; Zellmer and Clavero,
2006).

5.2. Insights from U-series isotope data from Nisyros
and Santorini

As the pre-caldera samples from Nisyros and
Santorini straddle the U–Th equiline (Fig. 7), the U–
Th system is not suitable for providing much insight into
the timing of their petrogenesis. Hence, this study
focuses on the post-caldera dacites and their mafic
enclaves. All but one of the studied mafic enclaves have
U excesses and U/Th ratios significantly greater than
those of their host lavas (Fig. 7). Therefore, any simple
petrogenetic models that relate mafic and felsic magmas
by fractional crystallization through time (cf. Fig. 1a) or
by mixing with old evolved lavas derived by fractional
crystallization from mafic melts (cf. Fig. 1b) are not
plausible, and more complicated scenarios need to be
considered to explain a potential genetic relationship
between the felsic hosts and their mafic enclaves. If the
observed range in (238U/230Th) ratios was introduced
during magmatic differentiation within the arc crust,
mixing of mafic melts with more evolved compositions
that have lower (238U/230Th) ratios may in principle be a
viable mechanism for the genesis of intermediate arc
magmas (cf. Fig. 1c). However, old continental crust has
high 87Sr/86Sr and low 143Nd/144Nd isotope ratios, and
because the U–Th and Sr–Nd isotopic data presented
here cannot be reconciled through assimilation with
such a component, old continental crust is not a suitable
assimilant in the petrogenesis of the post-caldera
dacites. In the case of Nisyros, a younger assimilant is
required.

One possible model of dacite petrogenesis consistent
with the data from Nisyros is given in Fig. 8. Here, new
primary arc magmas have 238U excesses (that may or
may not be constant through time). Due to the crustal
density barrier, these melts stall and age towards U–Th
equilibrium when they reach the lower crustal hot zone
(cf. Annen and Sparks, 2002; Zellmer et al., 2005).
Within the hot zone, thermal equilibration of the basalts
will result in the production of small fractions of
hydrous felsic residual melts through incomplete basalt



Ta
bl
e
3

N
is
yr
os

T
IM

S
da
ta

G
Z
N
is
#

01
03

08
12

x
18

21
33

34
x

36
37

x
38

39
x

U
ni
t

ho
lf

5
al
f

lf
7

bl
f

vu
i

pf
i

pf
i

pf
i

pf
i

pf
i

pf
i

S
yn
th
em

K
an
af
ia

A
fi
on
as

F
ou
rn
ia

L
ou
tr
a

P
ro
fi
tis

Il
ia
s

8
7
S
r/
8
6
S
r

0.
70

42
90

0.
70
45

47
0.
70
41

46
0.
70
42

61
0.
70

40
21

0.
70
41

58
0.
70
38

28
0.
70

40
40

0.
70
38

11
0.
70
40

55
0.
70

37
95

±
1σ

(×
10

−
6
)

9
7

9
8

8
8

7
8

10
6

7
1
4
3
N
d/
1
4
4
N
d

0.
51

28
37

0.
51
28

30
0.
51
28

07
0.
51

27
32

0.
51
26

53
0.
51
27

64
0.
51

27
30

0.
51
27

96
0.
51
27

02
±
1σ

(×
10

−
6
)

6
5

5
8

13
9

5
5

10
U

(p
pm

)
1.
09

3
1.
63
6

3.
62
3

1.
72

9
1.
02
5

3.
12
8

0.
77
9

2.
55

5
0.
59
4

2.
76
2

0.
66

4
±
2σ

0.
00

3
0.
00
3

0.
00
5

0.
00

4
0.
00
3

0.
00
6

0.
00
1

0.
00

3
0.
00
1

0.
00
6

0.
00

1
T
h
(p
pm

)
3.
32

0
5.
40
5

12
.4
99

2.
29

3
3.
40
1

11
.0
97

2.
57
3

8.
88

3
1.
74
0

9.
99
8

1.
95

0
±
2σ

0.
02

1
0.
02
4

0.
06
2

0.
00

5
0.
04
0

0.
15
5

0.
01
5

0.
06

1
0.
01
5

0.
13
5

0.
01

2
(2
3
4
U
/2
3
8
U
)

1.
01

5
1.
00
2

0.
99
9

1.
00

7
0.
99
7

1.
00
3

1.
00
6

1.
00

3
1.
00
4

0.
99
9

1.
01

5
±
2σ

0.
00

8
0.
00
4

0.
00
5

0.
00

4
0.
00
6

0.
00
5

0.
00
4

0.
00

3
0.
00
5

0.
00
6

0.
00

5
(2
3
8
U
/2
3
2
T
h)

0.
99

9
0.
91
9

0.
88
0

2.
28

8
0.
91
4

0.
85
5

0.
91
9

0.
87

3
1.
03
6

0.
83
8

1.
03

4
±
2σ

0.
00

7
0.
00
4

0.
00
5

0.
00

7
0.
01
1

0.
01
2

0.
00
6

0.
00

6
0.
00
9

0.
01
1

0.
00

7
(2
3
0
T
h/
2
3
2
T
h)

1.
01
1

0.
91
5

0.
89
8

2.
65

7
0.
89
7

0.
82
5

0.
89
4

0.
86

1
0.
93
7

0.
82
4

0.
98

7
±
2σ

0.
01

6
0.
00
9

0.
00
9

0.
02

4
0.
00
6

0.
00
9

0.
00
5

0.
00

8
0.
00
9

0.
01
0

0.
00

7

G
Z
N
is
sa
m
pl
e
nu

m
be
rs

ar
e
th
os
e
gi
ve
n
on

F
ig
.
2.

‘x
’
de
no
te
s
a
xe
no
lit
h
or

en
cl
av
e.
S
tr
at
ig
ra
ph
ic

un
its

ar
e
th
os
e
of

V
ol
en
tik

et
al
.(
20

05
a)
.

356 G.F. Zellmer, S.P. Turner / Lithos 95 (2007) 346–362



Fig. 6. Variation of (a) 143Nd/144Nd with 87Sr/86Sr and (b) 87Sr/86Sr with SiO2, for samples from Nisyros. Symbols: (⋄) pre-caldera rocks; (▵) post-
caldera dacites; (•) post-caldera mafic enclaves. In (a), the 143Nd/144Nd ratio of the broken diamond is inferred from its 87Sr/86Sr ratio and the
linearity of the low 87Sr/86Sr trend in (b). Samples from Santorini (+) and the mixing vector towards radiogenic crust are taken from Zellmer et al.
(2000) and are given for comparison. Mixing between mafic compositions and a young igneous protolith was approximated by using a mafic enclave
and one of the most evolved dacitic hosts as mixing endmembers. See text for discussion.
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crystallization. These melts are highly differentiated,
and their equilibrium phase assemblage includes
amphibole, resulting in trough shaped middle and
heavy REE pattern (cf. Fig. 5). Equilibrium phases
also include accessory minerals such as zircon, resulting
in significant U–Th fractionation. The hydrous silicic
melts will be segregated through compaction: a melt
fraction of 2% may segregate within 170 kyrs (Jackson
et al., 2003), or faster if deformation accelerates this
process (Petford et al., 2000). They will ascend to mid or
upper crustal levels where they will stall by degassing
induced crystallization, forming porphyritic host mag-
mas. These young (in terms of Sr and Nd isotopic
composition) protoliths may have significant 230Th ex-
cesses, which will decay with time towards U–Th equi-
librium at low (238U/232Th) activity ratios. Finally, influx
of more mafic magma will lead to remobilization of the
silicic protolith, yielding dacites like those erupted during
the post-caldera phase at Nisyros.

The feasibility of this model with respect to the
available U-series data is dependent on the stability of
zircon under the above conditions, and the partitioning
of U and Th into this phase. The stability of zircon can
be evaluated following the approach of Charlier et al.
(2005): by comparing the magma temperature (as
derived from oxide equilibria) with the zircon saturation
temperature, which depends on the Zr content of the
melt and its cation ratio (Na+K+2Ca)/(Al×Si) (Watson
and Harrison, 1983). Magma temperatures of the post-
caldera domes range from 804 to 843 °C based on
ilmenite-ulvospinel geothermometry (Seymour and
Lalonde, 1991), and compare favorably to a zircon



Fig. 8. Petrogenetic model for the post-caldera samples of Nisyros.
Highly evolved residual melts, in equilibrium with zircon, segregate
from aged basaltic melts to form an arc protolith in 230Th excess. With
time, the young protolith will age towards U–Th equilibrium. Influx of
new basaltic melt into this system results in remobilization of the
protolith by mingling and mixing, and in the extrusion of the post-
caldera dacites and their mafic enclaves. See text for discussion.

Fig. 7. U–Th equiline diagram summarizing available data from Nisyros (this study) and Santorini (Zellmer et al., 2000) for pre-caldera rocks, and for
the post caldera host rocks and their mafic enclaves (see key to symbols). Holocrystalline xenolith GZNis 12x has been omitted for scaling purposes.
Analytical errors are less than 1.0% (2σ) on (238U/232Th) and less than 1.2% (2σ) on (230Th/232Th) activity ratios, unless indicated otherwise. Due to a
lack of eruption age constraints at Nisyros, (230Th/232Th) activity ratios have not been corrected for radioactive decay since eruption, but post-caldera
samples from Nisyros are younger than ∼10 ka. A post-caldera whole-rock isochron from Santorini, and a post-caldera reference line through host
and enclave with the largest 238U excesses from Nisyros, yield ages of ∼140 ka and ∼104 ka, respectively. Mixing proportions were added to the
104 ka reference line for comparison with Fig. 6a, and confirms that the observed range in (238U/230Th) in the mafic enclaves is expected from mixing
with their host dacites that have significantly higher U and Th concentrations.

358 G.F. Zellmer, S.P. Turner / Lithos 95 (2007) 346–362
saturation temperature of ∼813 °C using one of the
most evolved post-caldera dacites (GZNis 33) as a
composition that closely resembles the modeled igneous
protolith. This suggests that zircon may be stable, con-
sistent with the observed occurrence of zircon micro-
phenocrysts within the dacites (Wyers and Barton,
1989). Relative partitioning of U and Th into zircon can
be evaluated from the literature, where the DU /DTh

exchange coefficient between zircon and melt varies
between 2.6 and 6.3, and where zircon U and Th
concentrations of up to 2360 and 3710 ppm, respec-
tively, have been reported (Pyle et al., 1988), although
concentrations of the order of 300 ppm appear to be
more common (cf., Condomines, 1997; Charlier and
Zellmer, 2000; Heumann et al., 2002; Charlier et al.,
2005). Depending on the choice of zircon U and Th
concentrations (e.g. 300–3000 ppm), removal of 0.03–
0.3% (i.e. trace amounts) of zircon by crystal fraction-
ation will result in the observed range in (238U/230Th) of
∼0.2 on Fig. 7, indicating that the petrogenetic model of
remobilization of a igneous protolith, as outlined above,
is indeed feasible for Nisyros.

In striking contrast, for Santorini volcano magma
mixing had very limited influence in the bulk geochem-
ical evolution of the post-caldera dacites: although a
variety of mafic enclaves occur within the post-caldera
dacites (e.g., Nicholls, 1971; Martin et al., 2006) and are
interpreted to represent influxing mafic magmas respon-
sible for triggering volcanic eruption (Holness et al.,
2005; Martin et al., 2006), and although some pheno-
crysts in the host rocks may be derived from complete
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breakup of the mafic enclaves (Martin et al., 2006), the
inflexion of P2O5 within the post-caldera dacites (cf.
Fig. 4c) precludes that their range in silica content is the
result of mixing with mafic magmas represented by the
enclaves. In addition, the modest compositional disconti-
nuities in An content (≤10 mol%) of plagioclase crystals
within the host rocks (Stamatelopoulou-Seymour et al.,
1990) suggests that thermal perturbations rather than
chemical hybridization dominated their recent evolution.
Hence, in Santorini the observed range in (238U/232Th)
ratios (Fig. 7) may be a source feature. Petrogenetic
scenarios that invoke aging during fractional crystalliza-
tion (cf. Fig. 1a), but limited mixing with older lavas of
similar (238U/232Th) composition (cf. Fig. 1b), are thus a
viable mechanism in the genesis of Santorini's post-
caldera dacites if their parental melts were variably
enriched in 238U (cf. Zellmer et al., 2000).

Finally, it may be speculated that the two pathways
of intermediate magma genesis presented here do not
only control the geochemistry of the erupted lavas, but
also the style of their eruption. Texturally, the post-
caldera dacites of Nisyros have a much higher pheno-
cryst content of 25–40 vol.% (Francalanci et al., 1995)
than the post-caldera dacites of Santorini with typically
15 vol.% (Higgins, 1996). The high crystallinity of the
Nisyros dacites is consistent with the suggested re-
mobilization of a porphyritic igneous protolith, as op-
posed to the simpler differentiation mechanisms
invoked for Santorini's post-caldera magmas, which
may have been prevented from further crystallization
due to repeated influx of hot mafic melts that ponded
at the base of the dacitic magma reservoir as suggested
by Holness et al. (2005). In consequence, the Santorini
dacites were erupted as lava flows, while the Nisyros
dacites extruded as more viscous porphyritic lava
domes, similar to other arc lava eruptions that have
been linked to remobilization of igneous protoliths
(e.g., Murphy et al., 2000; Zellmer and Clavero,
2006).

5.3. Implications for the rates of magma ascent through
the crust

Although the petrogenetic histories of some inter-
mediate arc magmas appear to be complicated, it is
nevertheless possible to extract valuable age informa-
tion using U-series isotopes. At Santorini, most of the
post-caldera dacites form a tight isochron with two of
the three analyzed mafic enclaves, yielding an age of
∼140 ka. The third enclave lies off this trend on the
equiline, and is therefore probably older and may be
petrogenetically unrelated to the other samples (cf.
Zellmer et al., 2000). At Nisyros, there are significant
differences between mafic enclaves and host andesites in
terms of their rare earth element pattern (Fig. 5),
suggesting that in this system, enclaves and hosts are
not related through a simple petrogenetic process. It is
therefore not possible to obtain a reliable isochron with
geological significance. However, given that Santorini
and Nisyros are part of the same volcanic arc, it may be
reasonable to argue for a similar initial (230Th/232Th)
isotopic ratio of ∼0.8–0.85 for their source. Hence, an
approximate minimum age reference line may be
obtained using the Nisyros samples with the lowest
(230Th/232Th) and highest (238U/230Th) activity ratios.
Taking this approach yields a minimum age of U-
enrichment in the source of ∼104 ka, within 2σ error of
the Santorini whole-rock isochron of ∼140 ka (Fig. 7).
This suggests that in both volcanic systems studied here,
more than ∼100 kyrs may have elapsed between U-
enrichment of the source and the eruption of the mafic
enclaves within their intermediate host lavas.

U-enrichment timescales of≥100 kyrs obtained from
mafic enclaves in intermediate arc volcanoes are on the
upper end of those estimated for the eruptive products of
mafic arc volcanoes, which frequently display higher
238U excesses of up to 80% (e.g., Turner et al., 2001,
2003; Reagan et al., 2003; Zellmer et al., 2005).
Although the total number of mafic enclaves analyzed
for U-series isotopes is still low, onemay speculate at this
point that in intermediate systems, which are generally
more mature than mafic arc volcanoes in that they have
experienced prolonged periods of intrusive activity, new
mafic magmas tend to stall within the crust more
frequently due to density contrasts with previous
intrusives of more evolved composition, resulting in
slower crustal magma transfer times. This points to a link
between the U-series chemistry of mafic arc magmas and
the mode of their occurrence, with mafic enclaves
generally displaying lower 238U excesses than more
voluminous mafic eruptive products. Future studies of
226Ra–230Th disequilibria in mafic enclaves are one
avenue to test this hypothesis.

Finally, the data presented here also puts some
constraints on the timing of silicic melt generation at
arcs. In the case of the post-caldera dacites of Santorini,
where magma mixing is of little importance, the dacites
form a ∼140 ka isochron with their mafic enclaves,
suggesting that this is the maximum time required to
form dacitic melts through differentiation from primary
arc basalts. In the case of the post-caldera dacites of
Nisyros, where mixing appears to be an important
process, none of the lavas have 230Th excesses,
implying that the inferred igneous protolith is close to
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U–Th equilibrium and therefore had a crustal residence
time of at least ∼350 kyrs. Intrusion of the silicic
protolith therefore predates any subaerial volcanism at
Nisyros, providing evidence for a prolonged magmatic
history in the area.

6. Conclusions

1. Mafic enclaves are found in many intermediate arc
magmas. In the post-caldera samples from Nisyros,
they are frequently rounded, and some have crenulate
and in places chilled margins. They trap phenocrysts
that likely crystallized within their host magma,
leading to prominent resorption textures. Crystals
within the host rock also display disequilibrium tex-
tures, probably resulting from an increase in mag-
matic temperature prior to eruption. These textural
features imply influx, mingling and small scale
mixing of hot mafic magma into a cooler reservoir
of intermediate composition prior to eruption.

2. Most pre-caldera lavas of Nisyros display geochem-
ical trends that suggest a petrogenetic history in-
volving significant fractional crystallization, some
crustal assimilation, and rather limited amounts of
mixing. In contrast, the post-caldera dacites of
Nisyros show ample geochemical evidence for
magma mixing towards their mafic enclaves.

3. U–Th isotopes preclude simple models that relate
dacites to their mafic enclaves by crystal fraction-
ation or aging alone. The Sr and Nd isotopic com-
position of Nisyros' post-caldera dacites points to a
young magmatic pluton as their source. Remobiliza-
tion of such a pluton is consistent with the U–Th
isotopic composition of the dacites and their mafic
enclaves if accessory phases such as zircon can be
invoked to be stable during the petrogenesis of the
felsic protolith. In contrast, while there is evidence
for magma mixing at Santorini, it does not result in
significant chemical hybridization in the post-caldera
dacites, and there the observed range in U–Th ratios
may thus be a source feature.

4. One may speculate that as a rule, intermediate
composition porphyritic lava domes (e.g. as erupted
in Montserrat, Nisyros and Taapaca) commonly
represent remobilized plutons. In contrast, in terms
of their bulk geochemistry, intermediate composition
lava flows with lower crystallinity (e.g. Santorini's
post-caldera dacites) seem to have less complicated
petrogenetic histories and may preserve primary
signatures.

5. Despite the different petrogenetic pathways of post-
caldera dacites in Santorini and Nisyros, U–Th
disequilibria yield time scales of ≥100 kyrs for the
mafic enclaves in both systems. This suggests that in
mature volcanic arcs such as the Aegean arc, mafic
enclaves in intermediate host lavas have relatively
long crustal residence times compared to some less
evolved arc volcanoes, where mafic eruptive pro-
ducts may have crustal residence times of days or
less.

6. The available U-series data suggests that differenti-
ation from primary arc basalts to intermediate com-
positions typically requires less than ∼140 ka, and
that the age of young silicic plutons remobilized by
mafic arc magmas is of the order of at least 350 kyrs,
in places predating the subaerial history of volcanism
in the Aegean arc.
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