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Abstract
Dacite lavas erupted from Kameni Islands volcanic centre (Greece) during the last 2000 years have a limited range in chemical 
composition (SiO2 = 64.0–68.5%) which contrasts with their wide range in plagioclase abundance (3–22%) and crystal size 
distributions. Most plagioclase crystals have simple zoning and occur independently or in loose clusters with finer-grained 
cores. We propose that magmatic diversity was produced by the interaction between crystals that formed at the base of a 
magma reservoir and bubbles produced by injection and vesiculation of more mafic magma. Two end-member situations can 
be identified: in juvenile systems, the basal crystal mass is loosely connected and readily disrupted by bubble formation. The 
crystal–bubble couples accumulate at the top of the reservoir, from where they can enter the sub-volcanic plumbing system 
to produce high-crystal content, chemically unevolved magmas. In the mature system, the crystal mass is well connected so 
bubbles displace the evolved, interstitial magma and liberate only a smaller number of crystals from the crystal mass. This 
process produces chemically evolved magmas, with lower crystal contents. The oldest lavas seem to have been produced 
from mature systems, whereas the youngest eruptions were of lavas produced from juvenile systems. This progression may 
reflect an overall reduction in repose times during the last 2000 years.
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Introduction

An important challenge in the study of volcanos is to under-
stand how the underlying magmatic system has evolved with 
time, and how it will behave in the future. For recent erup-
tions or intrusive events, we can use geological observation, 
cultural information, and geophysical methods to determine 

the timing and movements of magma (Pyle 2017). Aspects 
of current magma distribution can be measured using seis-
mic tomography (Hooft et al. 2019; McVey et al. 2019). 
However, many older eruptions can only be understood by 
studying lava and ash produced by the eruptions.

An ideal volcano for such a study would be easily acces-
sible, would erupt frequently with well-described and timed 
volcanic events, and volcanic products would be well pre-
served. The Kameni Islands volcanic centre has many of 
these characteristics and has hence been the object of many 
studies to be described later. Most work to date has examined 
the chemical composition of the lavas and enclaves, with a 
much smaller number of studies on the texture (microstruc-
ture) of the rocks. However, few have used the combination 
of geochemical and textural work that has proved to be so 
powerful in the understanding of other active volcanos (e.g. 
Higgins et al. 2015).

Here we want to address the following problems: how was 
the textural and chemical diversity of the Kameni dacites 
produced and what were the mechanisms in the underly-
ing magmatic system that produced this diversity; can the 
eruptions of the Kameni Islands during the last 2000 years 
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be considered as a single, stable phase, or must the history 
be divided up into several separate volcanic cycles? This 
leads us to consider if we are now near the end of an erup-
tive cycle and how this may inform us about the nature of 
future eruptions.

We would like to mention that although magma reservoirs 
are discussed in the text and figures we acknowledge that the 
magmatic ‘plumbing system’ under the Kameni volcanos 
is much more complex than this, as shown by the recent 
seismic unrest and tomographic models (Hooft et al. 2019; 
McVey et al. 2019; Parks et al. 2012).

The Kameni islands

Eruptive history

Santorini volcano (also known as Thira or Thera) was 
formed at least 650,000 years ago and has had numerous 
major Plinian eruptions (Druitt et al. 2019b). The most 
recent was the ‘Minoan’ eruption in ~ 1600 BCE which 
produced a caldera that forms the central bay between 
Thira and Thirasia islands (Druitt et al. 2019a). Since 
that time, eruptions have been confined to the central part 
of the caldera. We do not know when extrusive activity 
restarted, but the earliest subaerial post-Minoan eruption 
was in 197 BCE and produced the island of Hiera (Theo-
dorakopoulou et al. 2020). It was probably situated 4 km 
southwest of Fira town and reduced to a bank before being 

buried by the 1866–70 eruption (Fig. 1). The next suba-
erial eruption was in 46–47 CE and produced the core of 
Palea Kameni Island (PK). The eruptive products extend 
underwater to the south and west. The 726 CE subaerial 
eruption was the most violent in the history of the islands 
(VEI = 4) and caused considerable damage (Vougiouk-
alakis and Fytikas 2005). It produced large quantities of 
pumice which floated as far as the Dardanelles and may 
have been used to justify the imposition of the Iconoclasm 
by the Byzantine Emperor Leo III. Although knowledge of 
underwater eruptions is sparse, there may have been a hia-
tus for over 800 years until 1570 CE when subaerial activ-
ity restarted 3 km to the northeast. Although the current 
outcrop of this flow is small the flow appears to continue 
underwater for 2 km to the north. Large effusive eruptions 
continued to occur at decreasing intervals building Nea 
Kameni Island (NK). The volume of the subaerial flows 
diminished in the twentieth century and the last event in 
1950 CE was very small.

Recent high-resolution bathymetric observations have 
considerably expanded our view of the subaerial flows, 
showing them to be significantly larger than previously 
estimated. In addition, the studies have revealed at least 
three submarine flows unrelated to the subaerial flows: NK 
North, NK East, and Drakon (Fig. 1; Nomikou et al. 2014). 
The eruption dates of these flows are partly constrained by 
historic lead-line bathymetry (Watts et al. 2015) and their 
relationships to adjacent flows: NK North erupted sometime 

Fig. 1   The Santorini Island group includes Thira (Thera), Thirasia as 
well as the Kameni islands whose lava flows are studied here. High-
resolution bathymetry/topography of the Kameni group shows the 

underwater continuity of subaerial flows and the presence of some 
previously unknown flows. Source: (Nomikou et al. 2014)
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between 1848 and 1925; Drakon erupted after 1848, and NK 
East erupted before 1848.

Seismic unrest in 2011–2012 was related to magma 
movements beneath the edifice (Newman et al. 2012; Parks 
et al. 2012, 2015). Earthquake loci showed that the magma 
rose along the southern caldera fault, essentially beneath the 
Kameni Islands, and stalled at a depth of about 4 km (Parks 
et al. 2015). This depth accords with seismic tomography 
models (Hooft et al. 2019; McVey et al. 2019). The magma 
then appeared to feed a sill beneath the caldera a few 100 m 
north of Nea Kameni, close to the centre of the northern part 
of the bay. Inflation indicated that about 1–2.107 m3 of new 
magma was emplaced during the event (Parks et al. 2015). 
Helium isotopes suggest that the event was triggered by the 
injection of primitive magma (Rizzo et al. 2015).

The eruptive history of the currently accessible parts of 
the Kameni Island volcanic system appears to comprise 
two or three distinct phases. The first phase produced Palea 
Kameni island and culminated in the major explosive erup-
tion of 726 CE. There was a hiatus for 800 years before 
activity resumed 3 km to the northeast and built Nea Kameni 
island. Chemical and textural data support this division into 
PK and NK phases, and also a less well-defined phase that 
comprises the latest eruptions (1939–1950). It is not clear 
if the 197 BCE eruption was part of the PK phase as we do 
not know its exact position or composition.

Relevant earlier work

The Kameni islands’ lava flows, and their enclaves, have 
been the subject of several geochemical and textural studies 
over the last 30 years, commonly as part of a wider study on 
the whole Santorini volcanic system. The subaerial Kameni 
volcanic ensemble has many advantages: it is accessible, the 
rocks are mostly fresh, and all the flows are well dated. Sam-
ples of some of the underwater phases of the Kameni vol-
canic ensemble have recently become available (Nomikou 
et al. 2014).

The earliest study of the geochemistry of Santorini vol-
cano was by Nicholls (1971), who examined a few Kameni 
samples. However, analyses mostly used uncorrected XRF 
and hence cannot be compared with more recent data. The 
first study using modern XRF methods was that of Huijs-
mans (1985). Some of his data was published in (Barton and 
Huijsmans 1986). Most of the analyses were of dacite sam-
ples and they concluded that despite a range in composition 
between individual samples, the mean chemical composition 
of flows changed little during the last 2000 years. Crystal 
size distributions (CSD) of plagioclase were determined in 
10 samples of dacite by Higgins (1996b). These samples 
make up some of the material reanalysed in this study. Fran-
calanci et al. (1998) analysed a large number of samples of 
dacite and enclaves but only published mean compositional 

values for each flow and a few representative analyses of 
enclaves. Zellmer et al. (2000) analysed dacites and enclaves 
as part of an isotopic study. Martin et al. (2006) included 
two analyses of dacite as part of a study of the enclaves. 
The overall conclusion of these studies is that the chemical 
composition of the dacites is relatively uniform, as com-
pared to products of the Santorini volcano as a whole, but 
that there is enough geochemical variation to be studied by 
modern analytical techniques. However, textural variations 
are more pronounced than geochemical variations and the 
two together can help us understand the evolution of this 
magma system.

The enclaves in the dacite lavas have been studied as 
part of larger studies and independently. Most studies have 
looked at the overall chemical composition of the enclaves 
and concluded that their chemical composition is much more 
variable than that of the dacites (Barton and Huijsmans 
1986; Francalanci et al. 1998; Martin 2005; Martin et al. 
2006; Zellmer et al. 2000). The enclaves’ textures in post-
1925 flows were studied by Martin et al. (2006) who classi-
fied the enclaves into three groups of micrographic enclaves 
(A-1, A-2, B) and one group of cumulate enclaves. The latter 
is made of plagioclase crystals up to 10 mm long, frequently 
intergrown with olivine: they crystallised from mafic magma 
and been coarsened by equilibration at high temperatures. 
There are no data on the overall chemical composition of 
the cumulates. Finally, it should be noted that the enclaves 
are vesicular with a much higher bubble content than their 
surrounding magma (Martin 2005; Martin et al. 2006).

Different populations of plagioclase crystals have been 
recognised in the Kameni lavas, as in most andesites and 
dacites elsewhere. Plagioclase populations in enclaves have 
not been considered. Barton and Huijsmans (1986) iden-
tified ‘phenocrysts’ and ‘xenocrysts’ based on their com-
position and zoning. Their phenocrysts are euhedral, up to 
1 mm long, with brown glass inclusions and compositions 
of An55–An42. The xenocrysts are generally larger, with 
resorbed anorthitic cores (An90–An71), and are considered to 
be derived from disaggregated enclaves. Stamatelopoulou-
Seymour et al. (1990) studied the composition of a small 
number of crystals in much detail. They produced a similar 
classification but divided the first class of Barton and Hui-
jsmans (1986) into inherited crystals and those that crystal-
lised in situ. The abundance of these crystal populations was 
not discussed in either study.

Methods

Sampling

Samples were taken from the surface of the lava flows 
on Palea Kameni and Nea Kameni islands during two 
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campaigns in 1990 (Higgins 1996b) and 2017 (see supple-
mentary table 1). All samples were fresh and unaltered. Dac-
ite lava samples were selected to exclude visible enclaves, 
and enclaves were sampled avoiding contamination by dac-
ite. We did not sample material from the scoria cones. The 
flow dates were determined from existing studies and field 
observations (Druitt et al. 1999).

The surface samples were complemented by samples 
taken underwater using an ROV (Sigurdsson et al. 2006). 
Most lava samples were fresh, but scoria samples appeared 
to have been altered by long exposure to seawater. We used 
the flow association and nomenclature of Nomikou et al. 
(2014). All the underwater lava samples were assigned to the 
NK North flow. Scoria samples were taken from the under-
water surface of the 46–7 and 726 eruptions.

Chemistry

The samples were coarsely crushed with a hammer and 
ground in an agate planetary mill to a fine powder. Major 
elements were analysed by X-ray fluorescence at the Univer-
sité de Liège (Belgium) using a Thermofisher PERFORM’X 
X-ray fluorescence spectrometer with a Rh tube. These ele-
ments were measured on fused glass discs that were pre-
pared with lithium tetra- and meta-borate and 0.35 g of rock 
powder previously dried at 1000 C for two hours. Some 
trace elements were also measured by X-ray fluorescence 
on pressed powdered pellets. The instrument was calibrated 
using 40–60 international standards for major and trace ele-
ments, respectively. Iron was expressed as Fe2O3. Reproduc-
ibility was estimated to be better than 1% for most major 
elements and 3% for minor elements. Most trace elements 

were analysed by ICP-MS following alkali fusion using a 
Thermo Scientific X-Series 2 with a collision cell (MRAC 
Tervuren, Belgium). Reproducibility was estimated to be 
better than 3%. Chemical data are presented in electronic 
appendix table S1.

Petrography

Plagioclase textures were examined in polished thin sec-
tions using conventional transmitted light microscopy and 
cathodoluminescence (Fig. 2). The intensity and colour of 
the light emitted during cathodoluminescence are domi-
nantly controlled by trace chemical composition (Pagel et al. 
2000). The most important activator in plagioclase is Mn2+, 
but Cu2+, Fe3+, Ti4+, Ce3+ and Eu2+ may also be important 
(Mora and Ramseyer 1992). Another factor is lattice orienta-
tion, hence, twinning is commonly visible.

In this study, cathodoluminescence colour was used not 
only to help quantify plagioclase textures but also to identify 
the abundance of different petrographic classes of plagio-
clase (Götze et al. 2012; Higgins et al. 2015). The cathodo-
luminescence images were obtained using a CITL CL8200 
cold-cathode instrument mounted on a regular petrographic 
microscope. Multiple images were mosaicked to give com-
posite images that typically covered half a regular thin sec-
tion. The texture of the plagioclase crystal population was 
quantified from the composite cathodoluminescence image. 
The cathodoluminescence images were thresholded for pla-
gioclase and the binary image was edited manually to sepa-
rate touching crystals and remove artefacts. The resulting 
binary image was quantified using the software package 

Fig. 2   Dacite lava (NK-21) with 
a microgranular mafic enclave 
in, (a) linear cross-polarised 
image and (b) cathodolumines-
cence image. Variation in the 
cathodoluminescence colour of 
crystals is due to compositional 
differences and variable orienta-
tions of the crystal lattice with 
respect to the direction of elec-
tron illumination: hence zoning 
and twinning are sometimes 
visible. Cathodoluminescence 
colours: Green = plagioclase; 
yellow = apatite; black = pyrox-
enes, magnetite and vesicles. 
The enclave is of type A-1 
according to the classification of 
Martin (2006)
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ImageJ (Rasband 2010). The smallest crystal that could be 
consistently measured was 0.05 mm long.

The intersection data were converted to CSDs using the 
stereological program CSDCorrections version 1.6 (Higgins 
2000). This method needs an estimate of the crystal shape. 
Overall aspect ratios were determined from the mode of 
intersection width/intersection length as well as the shape 
of [010] sections which are parallel to the tablet faces. The 
roundness value was determined by minimising errors in the 
intersection width/intersection length and total phase abun-
dance from the sum of the intersection areas and the CSD 
(Higgins 2006). An overall shape of 1:3:4 and a roundness of 
0.5 were used for all samples. It should be noted that plagio-
clase CSDs for some of our Kameni samples were originally 
published in Higgins (1996b) but were not converted using 
stereologically correct methods.

The complete CSD analyses described above were com-
plemented by determinations of the total plagioclase content 
in other samples. Thin sections were illuminated using cir-
cular cross-polarised light (Higgins 2010a) and the images 
thresholded for plagioclase abundance.

Our results and analytically compatible earlier 
analyses

Outcrop geology

The overall characteristics of the Kameni lavas were deter-
mined in the field. All lavas are phyric with evident pla-
gioclase crystals distributed homogeneously throughout 
the rock on the scale of an outcrop. Almost all outcrops 
of lava contain mafic enclaves, but their abundance is very 
variable within and between flows. In a typical outcrop of 
several square metres, we observed one 3 cm enclave per 
square meter, giving an abundance of ~ 0.07%. Parts of some 
flows have greater concentrations, especially the 46–47 CE 
flow on Palea Kameni, which has up to 5% enclaves. Most 
enclaves are rounded and microgranular, except in the 1950 
flow in which coarse-grained plagioclase-olivine cumulates 
dominate.

Petrography and CL mineralogy

The petrography of the dacite lavas is much more variable 
than their geochemistry (see later). The lavas have a fine-
grained groundmass, with crystals of plagioclase (2.4–22%) 
up to 3 mm long. Clinopyroxene is much less abundant 
(0.1–1.7%), followed by orthopyroxene (0.3–0.7%) and 
magnetite (0.5–1.2%) (This study; Barton and Huijsmans 
1986).The dacites contain several populations of plagioclase 
crystals, as is common in many intermediate volcanic rocks. 
Most plagioclase crystals are euhedral or subhedral with lit-
tle zoning (Fig. 3a–d) and a uniform pale-green CL colour 

(Fig. 2b). Pale spots within the crystals in the CL images are 
melt inclusions, apatite crystals or artefacts due to charg-
ing (Fig. 2b). Rare plagioclase crystals have complex inte-
rior zones, with zoning and melt inclusions. These crystals 
mostly occur as larger, independent crystals (Fig. 3e, f). The 
abundance of these complex crystals is less than 2% of most 
lava samples. They are considered to be xenocrysts and will 
not be discussed further.

In the dacites, some of the plagioclase, pyroxene, and 
oxide crystals occur in clusters of up to about 15 crystals, 
commonly with an interstitial pale brown glass that is largely 
crystal-free (Fig. 3a, b). In the interior of the clusters the 
crystals are frequently small and interlocking, suggesting 
that initially plagioclase, pyroxene, and oxide nucleated 
nearby and were fused by initial crystal growth (Fig. 3c, d). 
Towards the exterior, the crystals have euhedral forms indi-
cating that further growth of both phases occurred simulta-
neously into the silicate liquid. The larger exterior crystals 
strongly resemble independent crystals elsewhere in the sec-
tion in shape, zoning and CL colour. The crystal clusters do 
not resemble the enclaves, which have a different texture 
(Martin et al. 2006).

Other important phases are orthopyroxene, clinopyrox-
ene, oxides, and apatite, which also occur within the clusters 
as well as independent crystals. As for the plagioclase, there 
does not seem to be a great contrast between the forms of the 
independent crystals and those in the clusters. Minor apatite 
crystals are generally small and most are enclosed within 
pyroxene crystals.

The petrography of the enclaves has been described in 
detail in other studies and we do not want to repeat it (Martin 
2005; Martin et al. 2006). All that we can add here is the pla-
gioclase composition, as revealed by cathodoluminescence. 
This phase has a distinctive cathodoluminescence pattern, 
with a dark green interior and a pale green rim (Fig. 2) that 
contrasts with the pale green uniform colour of the dacite 
plagioclase. We do not see any crystals with similar CL col-
ours in the dacite magma away from the enclaves.

Overall chemical variations

The freshness and lack of alteration of samples were exam-
ined using the amount of loss-on-ignition (LOI). All suba-
erial samples have low LOI and are considered fresh and 
unaltered (appendix table 1). However, five of the samples 
taken underwater have high LOI (5–25%). Three samples 
are scoria and two are lava. If the analyses are recalculated 
on a volatile-free basis then the scoria samples (EN 419–91, 
-92, -93) do not resemble any of the volcanic rocks of the 
Kameni islands: they may have been modified by precipita-
tion of calcite and dolomite in the vesicles.

Many new samples have been analysed in this study, but 
it behoves us to combine our data with earlier studies where 
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Fig. 3   Thin sections in non-polarised (PL) and linearly cross-polar-
ised illumination (XP). a, b Cluster of plagioclase, pyroxene and 
magnetite crystals. The groundmass in the interstices is glassy, with 
fewer microlites than away from the cluster centre. c, d Cluster of pla-
gioclase, pyroxene and magnetite crystals. Plagioclase and pyroxene 
crystals are narrow near the centre of the cluster, which is presumed 

to be near the initial nucleation site. There are vesicles close to the 
crystals which are probably in contact away from the plane of the sec-
tion. e, f A euhedral plagioclase crystal with a complex core and a 
wide, simple rim. Small pyroxene and magnetite crystals were incor-
porated during the growth of the rim
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possible. Most major element analyses of dacites from ear-
lier studies fall in a similarly restricted field to our analyses. 
However, there are significant differences, particularly in 
Na, which can be difficult to analyse by XRF due to the low 
energy of the characteristic X-rays and may also be affected 
by diffusion within the glass beads. There are also prob-
lems with the reproducibility of some trace element analy-
ses, probably caused by inadequate use of standards. This 
is significant for the dacite analyses given the small range 
in compositions. For this reason, we are unable to combine 
early datasets and our discussion will be restricted to our 
data alone. In contrast, the wide range in enclave composi-
tions, and the relatively small number analysed in this study, 
makes it essential to combine our data with that of other 
studies.

Dacite samples have been divided up into three groups: 
the earliest lavas from 46 to 726 CE, which are now exposed 
only on Palea Kameni (first phase; PK); the post-paroxysmal 
lavas from 1570 to 1925 CE (second phase; Nea Kameni); 
and the most recent eruptions from 1939 to 1950 CE (Nea 
Kameni). This last group is defined on the basis of its con-
trasting textural and chemical compositions, to be docu-
mented later.

The Total-Alkalis-Silica diagram is commonly used for 
the classification of volcanic rocks and their components (Le 
Maitre et al. 2002). All the lavas fall in a restricted group 
in the dacite field with silica contents from 64.0 to 68.5% 
(Fig. 4a, b). There is a strong correlation between silica 
and total alkalis. The first phase (PK) dacites have gener-
ally higher SiO2 and alkali contents than the second phase 
dacites, but there is not a clear separation. The third phase 
dacites have the lowest silica contents. The enclaves have a 
much wider range than the lava compositions and fall in the 
andesite, basaltic andesite, and basalt fields. Most enclaves 
fall along with a relatively narrow trend with just two outli-
ers which are from the first phase eruptions.

The affinity of the underwater lava samples can be deter-
mined using the TAS diagram. One lava sample taken close 
to the other NK North samples (EN 419–58) has an anhy-
drous composition similar to that of the other NK North 
samples (Fig. 4). The anhydrous composition of the other 
lava sample (EN 419–94) did not resemble those of the 
Kameni Islands. It was from a ridge SW of the Kameni 
islands and is hence not part of the same magmatic system. 
All five samples were not considered further in this study.

Magnesium contents can inform us on the role of mafic 
phases. MgO and SiO2 are strongly correlated for the dacite 
lavas but with a small range in compositions (Fig. 4c). The 
enclaves have a much larger range in compositions, but the 
correlation is not so strong, especially for low SiO2 sam-
ples. The division of enclave compositions into two groups 
for low silica contents is probably an artefact of the small 
numbers of analyses.

Phosphorus abundances can inform us on the role of apa-
tite. P2O5 and SiO2 are strongly correlated for the second and 
third phase dacites (Fig. 4d). However, the first phase dacites 
fall off this trend with lower P2O5 contents. These elements 
are also strongly correlated in most of the enclaves, except 
for some enclaves also from the first phase.

Zr is an incompatible element in the Kameni dacites as 
they do not contain zircon. There is a very strong correla-
tion between SiO2 and Zr for the dacites (Fig. 5a). Ba is 
also weakly correlated with Zr (Fig. 5b). In both diagrams, 
there is an overall trend to lower SiO2, Zr, and Ba with the 
progression of the eruptions.

Incompatible element ratios are unchanged by frac-
tional crystallisation of major minerals and can be used for 
examining compositional variations in the source materi-
als (Fig. 5c). The dacites show a slight difference in Th/
Ta between samples from the three phases. However, the 
enclaves show a considerable variation in both Th/Ta and 
Zr/Nb (Fig. 5c).

Rare-earth elements (REE) are very useful for under-
standing the role of plagioclase in magmatic systems due 
to the anomalous behaviour of europium with respect to its 
neighbouring REE. The easiest way to express REE varia-
tions is in terms of Eu/Eu* (Eu anomaly) versus LaN/LuN, 
which reflects the overall slope of the chondrite normalised 
REE spectrum (Fig. 5d). All of the dacite samples have a 
small range in Eu/Eu* values (0.67–0.78) which are nega-
tively correlated with LaN/LuN. There is a general trend to 
smaller Eu anomalies and shallower REE patterns with the 
progression of the eruptions. Enclaves have a much wider 
range of values with a negative correlation between Eu/
Eu* and LaN/LuN. Almost all enclaves have Eu deficits (Eu/
Eu* < 1).

Secular chemical variations

Secular variation in the overall composition of dacite lavas 
can be determined because the age of most flows is well 
known. The only exception analysed here is the NK North 
flow: its age is between 1848 and 1925 but has been arbi-
trarily placed at 1900 CE in Fig. 6a. The compositional 
variation shown by dacites and enclaves in our new data 
mirrors that of earlier studies (Huijsmans 1985; Martin 
2005; Zellmer et al. 2000) and hence the datasets can be 
considered together. SiO2 has been chosen as a key param-
eter for characterising the magmas in each flow group, as 
the uncertainty in its determination is much less than the 
variation in the data. The simplest way of illustrating this 
data is with a linear graph of time versus composition 
(Fig. 6a). The overall trend is clear: medium SiO2 contents 
in the earliest flows rise in the 726 flows and then descends 
slightly with much higher dispersion in the 1570–1950 
eruptions. Although this graph preserves a linear time 
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component, variations in recent data are not very clearly 
shown. Hence, we have plotted SiO2 content for each erup-
tion (Fig. 6b). The overall pattern is similar for the older 
flows, but this figure reveals better the variations in the 
younger eruptions. Eruptions from 1570 to 1940 have a 
similar, relatively wide range in SiO2 composition. How-
ever, lower SiO2 samples become more common with time 
and dominate the 1950 eruption.

Enclave SiO2 contents have a wide range in values but 
show groupings for certain eruptions, although we must 
acknowledge the relatively small number of enclaves ana-
lysed from older events (Fig. 6c).

Plagioclase abundance variations

Plagioclase abundance in dacites was determined from the 
sum of the area of crystal outlines and varies from 2.4 to 
22%. The earliest flows have about 4–7% plagioclase crys-
tals, which descends to its lowest value in the 726 CE erup-
tion products (Fig. 7a). After that event, plagioclase abun-
dance generally increases, reaching the highest values in the 
1950 eruption. The plagioclase content is also related to the 
SiO2 content of the magmas: most low SiO2 magmas have 
medium to high plagioclase contents, whereas more silicic 
magmas tend to have lower plagioclase contents (Fig. 7b). 
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There is very little variation in Al2O3 content with plagio-
clase abundance, but the analytical error is large as com-
pared to the overall variation (Fig. 7c). Although there is 
much dispersion, plagioclase content is broadly correlated 
with Eu/Eu* values, with a general increase with eruption 
date (Fig. 7d).

CSD variations

All dacite CSDs are strongly curved, concave up (Fig. 8a, 
electronic appendix 1). The lower size limit is controlled 

by the smallest crystal outline that could be measured 
(0.04 mm) and the accumulation of correction errors in for 
the smallest size bins (Higgins 2000). Hence, the CSD is 
undefined below 0.1 mm.

There is strong theoretical and experimental evidence that 
CSDs in many simple systems are straight on a semi-loga-
rithmic diagram (Cashman and Marsh 1988; Marsh 1988). 
Curved CSDs can be produced in many situations (Higgins 
2006), but the most popular involve mixing of two crystals 
populations (Higgins 1996b) or crystallisation under two 
different cooling regimes (e.g. Fornaciai et al. 2015). Such 
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curved CSDs can be modelled by summing two straight 
CSDs (Fig. 8B) and fitting the curve by trial and error to 
the measured CSD (Higgins 1996a). One population has a 
steep slope with many small crystals and is termed micro-
cryst, whereas the other population has a shallow slope and 
abundant large crystals and is termed macrocryst.

The slope of a CSD has units of 1/length, hence it is eas-
ier to characterise the distribution using the characteristic 
length (CL) which equals − 1/slope of the fitted line and 
has the units of length. For a straight CSD, it is equal to the 
mean crystal size. The curvature of the CSD can then be 
easily expressed on a graph of plagioclase abundance versus 
characteristic lengths of the two components. It is then much 
easier to compare curved CSDs from different samples using 
this approach than simply to plot all the CSDs together on 
the same diagram (Fig. 9).

The range of CL values of the microcryst population is 
almost constant for all samples except those from the last 
two eruptions (Fig. 9a). Similarly, the range in CL of the 
macrocryst population is great for all samples except those 
from the last two eruptions (Fig. 9a).

It is of interest to determine the relationship between the 
CLs of the two model crystal populations and the repose 
time between eruptions (Fig. 9b). This has been calculated 
for the subaerial eruptions only, as we do not know the exact 
age of all underwater eruptions. For the 46–7 CE eruption, 
the predecessor is assumed to be the 197 BCE eruption, 
whose products are no longer visible, but there may have 
been other eruptions that never reached the surface, in which 
case the repose time would be shorter.

The microcryst populations have small CLs for the short 
repose times of the latest eruptions (1939–41, 1950), and 
the range of CLs is greater for longer repose times of the 
first and second eruptive phases. The macrocryst populations 
have rather similar CLs for all repose times. However, the 
four samples with greater CLs all have repose times greater 
than 150 yrs.

The abundance of plagioclase in the two model popula-
tions can be compared with their chemical composition, 
as was done in Fig. 7 for the total crystal population. 
There is an overall negative correlation between silica 
content and macrocryst plagioclase abundance (Fig. 9c) 

64

65

66

67

68

0 200 400 600 800 1000 1200 1400 1600 1800 2000Year

Analytical
error

Analytical
error

64

65

66

67

68

69

46-7 46-7726 7261570-3 1570-31707-10 1707-101866-70 1866-70NK
North

1925-8 1925-81939-41 1939-411950 1950

S
iO

(%
)

2
S

iO
(%

)
2

S
iO

(%
)

2

Eruption

(b) Lava composition by eruption

(a) Lava composition by date

(c) Enclave composition by eruption

45

50

55

60

Eruption

Huijsmanns
Zellmer

Francalanci
This study

Huijsmanns
Zellmer
Martin
This study

Zellmer Huijsmanns
Martin This study

Analytical
error

Fig. 6   a Variation of dacite SiO2 contents with eruption date. b Variation of dacite SiO2 contents for different eruptions. c Variation of enclave 
SiO2 contents for all the eruptions (no data from NK North; this study; Huijsmans 1985; Martin 2005; Zellmer et al. 2000)



Contributions to Mineralogy and Petrology (2021) 176:13	

1 3

Page 11 of 20  13

as well as a secular variation in both these parameters. 
This correlation is not significant for the microcryst 
population abundances (Fig. 9d). Similarly, there is no 
significant correlation between alumina and macrocryst 

abundance (Fig.  9e). However, there is a correlation 
between europium anomaly and macrocryst abundance 
(Fig. 9f).
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Discussion

Existing models for the Kameni system

Many of the existing studies of the Kameni volcanic 
rocks have tried to constrain the properties of the mag-
matic plumbing system that fed the Kameni eruptions. 
The earliest models envisaged that plagioclase and other 
phases crystallised throughout the magma reservoir and 
descended by gravity towards the lower part of the reser-
voir, creating a stratified reservoir (Fig. 10) (Barton and 
Huijsmans 1986). Eruptions during the last 2000 years 
sampled successively lower levels of this reservoir, with 
increasing plagioclase contents. Such a model requires 
that the temperature remain constant and hence that the 
magma reservoir must have been large, or more likely, 
that it was frequently reheated by the influx of new mafic 
magma. However, the main weakness of this model is that 
such additions of heat would necessarily produce convec-
tion, which would destroy the stratification. In addition, 
the high viscosity of the dacite magma would inhibit the 
gravitational transfer of crystals.

Other models have been proposed in subsequent stud-
ies. Higgins (1996b) proposed that there were two magma 
reservoirs. Eruptions were rooted in the upper one which 
was topped up from a deeper reservoir before each event. 
Francalanci et al. (1998) and Petrone et al. (2013) proposed 
that magmatic diversity of the dacite and the enclaves were 
produced by mingling and mixing between the dacite and 
mafic magmas that are injected into the dacite. The work of 
Martin et al. (2006) was mostly concerned with the origin 
of the enclaves and not of the dacites themselves. All these 
models were based on the study of either chemistry or tex-
ture: in this study, we use these complementary datasets to 
modify existing models and propose a new mechanism for 

the production of magmatic diversity in the Kameni volcanic 
system.

Origins of magmatic diversity

Enclaves

Enclaves are a very minor, but widespread component of the 
Kameni lavas and it is important to determine their role, if 
any, in the development of magmatic diversity. The broad 
collinearity between the dispersion of dacite compositions 
and those of the enclaves has suggested to some authors that 
magmatic diversity was produced by mixing between pri-
mordial dacite and mafic magmas (Francalanci et al. 1998). 
Such a model would be expected to produce a continuous 
spectrum of compositions, from the most mafic enclave to 
the most silicic dacite. We have combined data from all 
available sources and show in Fig. 4 that this is clearly not 
the case and there is a conspicuous gap between the dacite 
and enclave compositions. The enclave compositions do not 
lie on a linear trend, hence at least three end-member com-
ponents are necessary for an origin by mixing.

Petrone et al. (2013) suggested that there was a field and 
petrographic evidence for disaggregation (‘crumbling’) of 
enclaves in the Kameni lavas. Our cathodoluminescence 
images are a sensitive test for such a process. As we men-
tioned before, plagioclase crystals in enclaves are generally 
small and have a distinctive cathodoluminescence pattern, 
with a dark green interior and a pale green rim (Fig. 2). 
There are no crystals with this pattern in the dacite. Indeed, 
there is a distinct paucity of crystals of this size in the dacite. 
Hence, if the enclaves have been disaggregated, then the 
crystals must have been completely resorbed. Enclaves from 
different eruptions have, in some cases, distinctive compo-
sitions that contrast with that of earlier or later eruptions 

Fig. 8   a Representative plagio-
clase CSDs from the Kameni 
dacites. Complete CSD data 
is in electronic appendix 1. 
b Kameni CSDs have been 
modelled by the addition of two 
straight CSDs (here for sample 
NK25), a population of smaller 
crystals termed microcrysts and 
a population of larger crystals 
termed macrocrysts, following 
Higgins (1996a)
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(Fig. 6c). This suggests that enclaves have a relatively short 
life in the magma reservoir as is suggested by experimental 
studies (Ruprecht et al. 2020). All these arguments indicate 
that although enclaves are an important indicator of mafic 
input to the base of the magma reservoir, they have not influ-
enced the composition of the dacites in a significant way.

Even if the enclaves did not modify significantly the 
composition of the dacites, the mafic magma that produced 
them may have had another important role in the magmatic 
development of the system. Most of the enclaves are vesicu-
lar, showing that vapour saturation was achieved by cooling 
after the mixing event. At this time the crystal network was 
sufficiently strong that the enclave could not expand, so most 
of the exsolved gas must have escaped into the surrounding 
magma, where some bubbles may have become attached 
crystals in the mush (Pleše et al. 2018). This idea will be 
developed later.

Crystal clusters in the dacites

The degree of clustering of crystals in volcanic rocks is very 
variable, but its petrological significance has rarely been 
explored. In the Kameni dacites, many crystals of plagio-
clase, pyroxene, and magnetite are clustered and there does 
not appear to be any clear mineralogical differences between 
clustered and independent crystals (Fig. 3a, b). Crystals 
within the cores of the larger clusters are generally smaller 
than crystals in the exterior of the cluster and independent 
crystals. In some cases, narrow crystals in the core widen out 
in their more peripheral parts (Fig. 3c, d). This suggests that 
the crystals initially nucleated and grew near to each other, 
in an environment where all major phases could nucleate 
and grow. The simplest explanation is that crystallisation 
occurred in a peripheral region, perhaps at the base of a 
magma reservoir, where the density of the clusters would 
reduce the likelihood of dispersion by simple magma con-
vection. However, it is clear that clusters have been disrupted 
and dispersed, indicating the need for special events, such 
as the input of new mafic magma into a semi-consolidated 
crystal mass.

The preservation of glass between the crystals in the 
interior of the clusters suggests that the clusters have been 
cooled more rapidly than the surrounding magma. One 
possible mechanism is by attachment of bubbles from the 
enclaves to crystals in the basal part of the reservoir. The 
resultant buoyance of some crystal–bubble couples would 
have disrupted the mush and enabled rapid uplift of crystal 
clusters. We will return to this model below.

Nature of the crystal cargo

We can now discuss the origin of the remarkable variabil-
ity in the abundance of crystals in the dacites and if it can 

inform us about magmatic processes active in the Kameni 
volcanic system. Crystals in lavas can be phenocrysts, which 
grew in place from their surrounding magma, antecrysts, 
which grew in a distant, but the magmatically connected 
environment, or xenocrysts, which come from a separate 
system. Isolated xenocrysts can be recognised by their com-
plex zoning (Fig. 3e, f), but they are not abundant and will 
not be considered further. Sub-volcanic magmatic systems 
are generally complex, with transfer and mixing between 
different magmatic reservoirs in each of which crystallisa-
tion can occur and here the problem is to choose the sim-
plest system that can account for the observed chemical and 
textural variations.

We will first consider the possibility that the whole 
crystal cargo (microcrysts and macrocrysts) is dominantly 
antecrysts, incorporated in the magma by mixing of a crys-
tal-rich material with a sparsely-phyric magma. The most 
abundant phase in the dacites is plagioclase, hence here we 
model the effects for plagioclase of composition An50—the 
inclusion of other phases seen in the clusters does not make 
a significant difference to the modelling (Barton and Huijs-
mans 1986). The addition of plagioclase to a single magma 
produces a simple diagonal variation in a plot of plagioclase 
abundance versus SiO2 (Fig. 7b). Our data show a band of 
variations, which necessitates multiple original magma com-
positions. Most of the dispersion can be accounted for by 
the addition of 4–20% plagioclase to magmas with original 
SiO2 contents of 66–68%. However, such a model is unable 
to explain the variation in Al2O3 with plagioclase abundance 
(Fig. 7c), hence the simple, pure antecryst model is rejected. 
We will discuss later the possibility that only the larger crys-
tals (macrocrysts) were added.

Growth of plagioclase phenocrysts in the Kameni dac-
ites is very probable, but the high viscosity of the dacite 
magma and the small contrast in density makes it unlikely 
that significant gravity-driven fractionation could occur by 
compaction or settling. Involvement of other, denser phases, 
as suggested by the occurrence of polymineralic clusters in 
the dacite lavas, would give a greater density, but probably 
not enough to make a significant difference. In this case, 
the overall composition of the magma would be unchanged 
by crystallisation. This model would produce a vertical dis-
persion on the plot of plagioclase abundance versus chemi-
cal composition (Fig. 7b–d). However, there are significant 
chemical variations and hence this simple model must be 
rejected. One possible modification would be crystallisation 
from multiple original magma compositions. In this model, 
the earliest lavas would have formed from the most evolved 
magmas (highest SiO2 and lowest Al2O3) and have shown 
the least amount of crystallisation. Later lavas would have 
formed from progressively less evolved magmas and crystal-
lised more, culminating in the high-crystallinity 1939–1950 
magmas. The observed Eu/Eu* values (Eu anomaly) are 
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consistent with such a model: the earliest, most fraction-
ated magmas have the smallest values (Fig. 7d). Hence, a 
model is preferred in which the crystal cargo is essentially 
dominated by phenocrysts that grew within the main magma 
reservoir. However, we cannot rule out the possibility that 
some crystals are antecrysts that were added from connected 
reservoirs.

Textural constraints on magmatic processes

The curved plagioclase CSDs observed in the Kameni dac-
ites were first interpreted as evidence of mixing of two dif-
ferent magmas (Higgins 1996b). However, the uniformity 
of the plagioclase macrocryst populations and the lack of 
chemical evidence for simple mixing weakens this model. 
Hence, we favour here an origin for the curved CSDs by 
crystallisation under two different pressure and tempera-
ture regimes, represented by the characteristics of the two 
straight CSDs used in the modelling.

The microcryst population is dominated by the smallest 
crystals and represents a growth event immediately before 
the eruption. The steep slope indicates that growth occurred 
at significant undercooling, presumably in a shallow mag-
matic reservoir. The characteristic length of this population 
tends to be smaller for the latest eruptions (Fig. 9a). There 
does not appear to be a correlation between characteristic 
length and repose time (Fig. 9b).

The macrocryst population reflects an earlier phase of 
plagioclase growth. Most samples have similar character-
istic lengths for different flows (Fig. 9a), except for four 
samples with much greater characteristic lengths. These all 
have lower plagioclase contents and most erupted during the 
PK phase. Characteristic length is broadly correlated with 
repose time, except for two samples from the 1570 CE flow 
which have the longest repose times (Fig. 9b).

CSDs with greater characteristic lengths can be produced 
by textural coarsening, in which small crystals dissolve and 
large crystals grow (Higgins 2010b). Coarsening develops 
when a magma is maintained for some time close to the 
mineral saturation temperature and may be accelerated if 
the temperature oscillates around this value (e.g. Mills and 
Glazner 2013). The infrequency of eruptions during the PK 
phase may have led to a stable environment that permitted 
coarsening. The lack of small, recently nucleated, crystals in 
the glassy parts of the clusters (Fig. 3a, b) suggests that the 
clusters must have coarsened, presumably at the base of a 

deep magma reservoir. These crystal-free glasses were then 
preserved by rapid uplift.

Characteristic crystal growth times can be determined if 
the growth rate of plagioclase can be established (Marsh 
1988). Cashman (1993) established a correlation between 
growth rate and cooling time for plagioclase in mafic 
magmas and a similar relationship is generally assumed 
for more felsic magmas. For the microcryst population a 
cooling time of 3 years, which accords with seismic data 
from the 2011–12 magma injection event, would suggest a 
growth rate of about 10–9 mm/s. Such a value would indicate 
characteristic growth times of 1.4–3.5 years for the micro-
cryst population. The shortest times are associated with the 
1939–41 and 1950 flows, which have the shortest repose 
times and highest plagioclase contents. The macrocryst pop-
ulation may have formed in a deeper reservoir and hence the 
growth rate may have been lower: Higgins (1996b) used a 
growth rate of 10–10 mm/s, which would give characteristic 
crystal growth times of 60–160 years. This broadly accords 
with repose times of 150–250 years for three of the four 
coarsened populations (Fig. 9b).

Pertinent temporal constraints on magmatic processes 
in the Kameni systems have been determined using other 
methods. Ra/Th ratios in Kameni rocks suggest that crystal-
lisation of plagioclase occurred less than about 1000 years 
before eruption (Zellmer et al. 2000). Trace element profiles 
in plagioclase suggest a residence time of 100–450 years 
(Zellmer et al. 1999). In contrast, Martin et al. (2008) used 
trace element profiles in an olivine crystal from a cumulate 
enclave in the 1925–8 lavas to conclude that mafic magma 
was added only a few months before the eruption. These data 
will be used to constraint a magmatic model.

The total macrocryst population can be compared to vari-
ous chemical parameters as was done earlier for the whole 
crystal population (Figs. 7, 9). As before, it is not possible 
to generate the observed dispersion only by the addition of 
plagioclase to a single liquid composition. However, here 
the model fits better on the graph of Al2O3 versus macro-
cryst abundance (Fig. 9e) than on the graph of SiO2 versus 
macrocryst abundance (Fig. 9c). Again, the data support a 
model of closed-system crystallisation from liquids of vari-
able composition.

Magmatic development by bubble‑mediated liquid 
and crystal movements

The chemical and textural data presented above suggest that 
Kameni magmas were formed by the closed-system crys-
tallisation of variable amounts of plagioclase, and lesser 
amounts of other phases, from a range of dacite liquids, 
but how was this achieved? The presence of crystal clusters 
shows that much of the plagioclase macrocrysts formed in 
an environment with a high crystal content. The density of 

Fig. 9   a CLs of microcryst and macrocryst model plagioclase popu-
lations versus eruption. b CLs of the two populations versus repose 
time. c Silica versus macrocryst model abundance. The vectors are 
for plagioclase of composition An50. d Silica versus microcryst model 
abundance. e Alumina versus macrocryst model abundance f Euro-
pium anomaly versus macrocryst model abundance

◂
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plagioclase is close to that of the magma, hence this zone 
cannot have formed by gravity-driven accumulation: instead 
crystallisation must have occurred in situ, probably largely 
at the base of the reservoir. The degree of connectedness 
of the individual crystals was probably very variable. This 
high-crystallinity material was subsequently disaggregated 
into clusters and individual crystals and incorporated into 
the dacite liquid. Simple recharge of the reservoir with mafic 
magma cannot lift enclaves, otherwise we would see abun-
dant enclaves in all dacites, which is not the case. Hence, it 
is proposed that the buoyant forces necessary to disrupt the 
basal crystal mass and lift the material to the top of the res-
ervoir were produced by the physical association of crystals 
with vapour bubbles. Such a process has been proposed for 
the origin of crystal-bearing vesicle pipes (e.g. Helz 1987), 
but not for crystals and crystal clusters in a magma reservoir.

Interactions between bubbles and crystals at the base 
of a magma reservoir have been explored in several recent 
papers. Mungall (2015) modelled mathematically the prob-
lem of non-wetting bubble migration through a basal accu-
mulation of crystals and concluded that bubbles would be 
trapped in a cumulate. Boudreau (2016) used an analogue 
experiment to show exactly the opposite—that non-wetting 
bubbles can escape from cumulates easily. However, both 
studies may not be completely applicable to natural systems 
as Pleše et al. (2019; 2018) showed that bubbles nucleate 
and grow on plagioclase and pyroxene crystals and hence 
that these surfaces are wetted. If the bubble–crystal couples 
stay together long enough then they will rise buoyantly in 
the reservoir through the dacite magma. There, there may 
be sufficient time for the bubbles to detach, which is why 
we do not see many bubbles on the crystals now (Pleše et al. 

2019; 2018). This model can be used to construct a model 
for magmatic development in the Kameni system.

We propose that magmatic development started in a 
deep dynamic magma reservoir, or a nexus of magma stor-
age areas filled with low-crystallinity dacite magma, where 
two different scenarios may have developed, here termed 
juvenile and mature (Fig. 11). Paradoxically, the juvenile 
scenario appears to be applicable to the later magmas, and 
the mature model to the earliest magmas.

The juvenile model is invoked for low to high crystallin-
ity, less chemically evolved magmas mostly produced after 
the 726 CE paroxysmal event. Crystallisation occurred at the 
base of the reservoir, producing a loose mass of crystals that 
were cemented in places by further growth (Fig. 11a). Mafic 
magma was injected into the base of the reservoir where it 
was cooled by the dacite and became saturated with vapour. 
Vapour pockets developed in the semi-crystalline enclaves 
and grew until bubbles were forced out of the enclaves into 
the dacite magma. Here, some of the bubbles attached to 
silicate crystals. Buoyance of the crystal–bubble couples dis-
rupted the crystal mush. The couples then rose rapidly and 
accumulated at the top of the reservoir, where the intersti-
tial liquid in the crystal clusters solidified as glass. Thermal 
convective movements induced by the mafic input may have 
contributed to the uplift process. Subsequent eruptions may 
have sampled both the high crystallinity magmas at the top 
of the reservoir or the lower crystallinity magma beneath 
this layer.

In the mature model, crystals of plagioclase, pyroxene 
and oxides, nucleated and grew at the base of the reser-
voir until the crystals impinge on each other forming a rigid 
network (Fig. 11b). This crystal network may have formed 

(a) Stratified magma chamber (b) Withdrawal from top

Surface

(c) Continued withdrawal
Lava dome Lava dome

Low crystallinity magma High crystallinity magma

Scale change

Scale change

Scale change

Fig. 10   Schematic model of a static, stratified magma reservoir fol-
lowing the work of Barton and Huijsmans (1986). a A stratified 
magma reservoir is created by crystallisation of plagioclase and other 
phases followed by accumulation in the lower part of the reservoir. b 

The first magma to be withdrawn is from the upper, low crystallinity 
part of the reservoir. c The magma reservoir is emptied and succes-
sively higher crystallinity magmas are withdrawn
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because the host rocks were relatively cool at the start of the 
eruptive cycle, allowing for more growth. However, CSDs 
suggest that some crystal-bearing regions were coarsened, 
which would have maintained channels for the subsequent 
escape of interstitial magma (Higgins 2006, p. 67). The 
interstitial silicate liquid was isolated and evolved towards 
more silicic compositions by fractional crystallisation. As 
in the juvenile system, injection of mafic magma into the 
base of the reservoir produced enclaves with vapour pockets. 
Again, bubbles were transferred to the dacite crystal network 
where they attached to the silicate phases. However, buoyant 
forces could not overcome the strength of the network, so the 
vapour pocket instead displaced the interstitial fractionated 
liquid which mixed with the dacite liquid in the reservoir. 
This evolved liquid may have picked up some loose crystals 
from the top of the pile that rose to the top of the reservoir 
to produce a low-crystallinity, chemically evolved magma.

The presence of gabbroic cumulate enclaves in the 1950 
CE flow suggests that bubble-mediated crystal floatation 
may have removed all crystals that formed from the dacite 
magma and excavated down to the underlying mafic unit. 
Here, slow cooling would have coarsened plagioclase and 
olivine that originally crystallised from the mafic magma. 

Bubbles could have wafted these materials into the magma 
forming what we see now as gabbroic enclaves.

In both these models, magma may have been withdrawn 
from the top of the lower reservoir directly or transferred 
to a sub-volcanic reservoir. The latter seems to have been 
the case for the 2011–2012 CE intrusive event (Newman 
et al. 2012; Parks et al. 2012). The trigger for such a transfer 
may have been mafic magma injection in the lower reservoir 
(Rizzo et al. 2015).

Chemical and textural data can be used to constrain the 
timing of the magmatic models. The macrocryst population 
characteristic growth times, Ra/Th ratios (Zellmer et al. 
2000) and plagioclase trace element profiles (Zellmer et al. 
1999) all suggest that plagioclase grew in the lower magma 
reservoir in less than 1000 years (Fig. 11). The microcryst 
population characteristic growth times suggest storage in the 
sub-volcanic upper reservoir for up to a few years, which fits 
with seismic evidence from the 2011–12 CE event (Newman 
et al. 2012). The olivine trace element profile indicates a 
short transition time for an enclave between the base of the 
lower reservoir and the surface (Martin et al. 2008). Perhaps 
this reflects different movements of enclaves and plagioclase 
macrocrysts in the lower reservoir. It may also confirm that 

Lava domeLava dome

Low crystallinity magmaHigh crystallinity magma

Scale changeScale change

(b) Mature system(a) Juvenile system

Mafic magma injected into base of lower reservoirMafic magma injected into base of lower reservoir

Upper reservoirUpper reservoir

Connected
crystal networkLoose crystal mush

Evolved magma

Primitive magma

Fig. 11   Schematic dynamic magma reservoir models for produc-
ing magmas of variable chemical composition and crystallinity. 
The lower and upper components are not all at the same scale and 
are shown for a single, simplified magma storage and transfer sys-
tem. In both the juvenile (a) and mature models (b) the process starts 
with the creation of a reservoir filled with dacite magma. Cooling 
and crystallisation produce a crystal mush at the base of the reser-
voir. This mush is initially made of loose crystals (a) but with time 
growth will fill in interstitial space to make a semi-rigid connected 
network (b). In both models mafic magma is injected into the base 
of the reservoir, causing vesiculation. In the juvenile system (a), 
the loose mush is disrupted by bubbles out-gassed from the mafic 
magma. Some bubbles will adhere to the crystals in the dacite and 

make crystal-bubble couples that rise in the magma reservoir. Bub-
bles may detach when the couples are stored on the roof. Accumula-
tion of crystals near the roof will produce a high-crystallinity magma 
that is relatively primitive as the original liquid composition is almost 
unchanged. For the mature system (b), the crystal network acts as a 
rigid filter and the bubbles will force out evolved magma that was 
originally between the crystals into the magma reservoir. Minor parts 
of the mush may be mobilised in the same way as in the juvenile sys-
tem and rise to the top of the reservoir, forming a chemically evolved 
low-crystallinity magma. In both juvenile and mature systems, the 
magma in the upper part of the reservoir does not necessarily erupt 
directly but instead may feed an upper chamber from where it may be 
stored or erupted
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storage times in the upper reservoir are short-less than a 
few months.

Conclusions

The Kameni volcanic centre has produced dacitic magmas 
that show a limited range in chemical composition, but a 
huge range in textures, clearly expressed in the abundance of 
plagioclase crystals. We propose that the observed chemical 
and textural diversity was produced by interactions between 
basal crystal masses and bubbles. Two extreme situations 
can be identified: Juvenile and mature systems.

In a juvenile system, the crystallisation of plagioclase and 
other phases at the base of a lower magma reservoir creates 
a loose network of crystals. In some areas, growth will link 
crystals to form small connected clumps. Injection of mafic 
magma into the base of the reservoir produces enclaves that 
are saturated in vapour. Expansion of the gas pockets in the 
enclaves will lead to the escape of bubbles into the dacite 
and their attachment to silicate crystals. Buoyant forces then 
disrupt the loose crystal mass and bubble–crystal couples 
rise towards the top of the reservoir where they accumulate 
to be tapped periodically to feed eruptions. This process 
produces a less chemically evolved magma, with a crystal 
content that can range to high values.

In the mature system, more protracted crystallisation of 
plagioclase and other phases at the base of a magma reser-
voir creates a strongly-connected network of crystals. Again, 
vapour pockets are produced in enclaves of mafic magma 
and bubbles escape to adhere to the silicate phases in the 
crystal network of the reservoir. However, in this model, the 
bubbles displace the evolved interstitial liquid which mixes 
into the body of the magma reservoir. The ejected magma 
may also pick up a small number of bubble–crystal couples 
from the top of the mush zone which rise in the reservoir. 
This process produces a crystal-poor but chemically evolved 
magma at the top of the reservoir.

In both situations, there may have been periodic with-
drawal of magma from the top of the reservoir to a high-level 
staging volume, from which the magma may have erupted 
periodically to produce the diverse magmatic compositions 
observed in the Kameni lavas.

The juvenile system was more important for the more 
recent eruptions, whereas the mature system seems to have 
dominated the oldest eruptions. This may reflect the gener-
ally decreasing repose times of the system, which allowed 
for the development of an interconnected mush zone at the 
base of the magma reservoir.
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