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Abstract. The major and trace element compositions of several minerals and 
their surrounding groundmass in the volcanic rocks from the post-caldera 
Nea-Kameni island of the Santorini volcanic complex, Aegean Sea, have been 
determined, in-situ with particle-induced X-ray emission (PIXE) and wavelength 
dispersive X-ray analysis with an electron microprobe (EMP). 

The lavas are typically calc-alkaline dacites. All samples are porphyritic with 
a phenocryst mineralogy dominated by plagioclase, augite, hyperstene and 
Ti-magnetite. The phenocrysts range in size from 200/~m to 2.5 mm. 

The PIXE and EMP analyses were done on sections polished with diamond 
paste. They were sufficiently thick (~  100/~m) to stop the 2.7 MeV protons used 
for the analysis and yet thin enough for individual minerals to be seen with 
transmitted light. The specific minerals and groundmass areas to be analyzed 
had been selected and marked through conventional microscopic examination 
prior to analysis. 

Solid/liquid partition coefficients, which depend much less significantly on 
the method for determining the concentrations, were calculated from the element 
abundances in phenocrysts and corresponding groundmass. 

Key words: external PIXE, EMP, volcanic rocks, partition coefficients. 

During the past few years, PIXE with a proton microprobe has been applied in 
several disciplines including the earth sciences for the measurement of trace elements 
in materials in a similar fashion to that of the electron microprobe which measures 
the major elements. Work in the Earth Sciences has been reviewed recently [1-4] 
while analyses of the major and trace elements in silicate rocks have been reported 
[5, 6]. 

Compared with other analytical methods, the multielemental, in-situ, high sensi- 
tivity (~  1 ppm) PIXE technique has definite advantages for the measurement of 
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trace-element abundances in magmatic rocks. The concentrations deduced with this 
technique represent the first step in the understanding of how the different chemical 
elements are partitioned between the solid and liquid phases during magma crystal- 
lization. Earlier experiments [7, 8] dealt with the determination of trace-element 
abundances in the groundmass and phenocrysts in volcanic rocks from the Aeolian 
islands (South Tyrrhenian Sea, Italy). From the data obtained in those experiments, 
solid/liquid partition coefficients (Ks/l) were deduced simply and quickly. Know- 
ledge of these coefficients is essential to constrain quantitatively the magma evolu- 
tion processes. Because the value of Ks/, depends significantly on several factors (e.g. 
temperature and pressure) during magma crystallization, the measurement of trace 
element abundances directly in the rocks under investigation is highly desirable. 

In the present work we have applied the PIXE technique to the study of the Nea 
Kameni volcanic rocks from the Santorini complex (Greece). The combination of 
the electron microprobe and PIXE measurements has proven to be very suitable 
for obtaining the major- and trace-element abundances in phenocrysts and ground- 
mass of the rocks. Since there is a lack of such phenocryst/matrix partitioning data 
in the literature for these volcanic products, these analyses should help to fill this 
gap and possibly allow quantitative tests of evolutionary models of the magmas to 
be carried out. 

Volcanological and Petrological Outline 

The Santorini volcanic complex is part of the Aegean island arc. The volcanic 
activity along this arc started about 3 million years ago 1-9] and it is considered to 
be related to the subduction of the African plate beneath the Aegean microplate [ 10]. 
Santorini consists of five islands, Thera, Therasia, Aspronisi, Palea Kameni and Nea 
Kameni. The first three islands form a broken semicircular caldera 370 m deep [11] 
while Palea Kameni and Nea Kameni rise from the caldera centre and represent the 
sites of still active volcanism. 

The Santorini rocks belong to the calc-alkaline series and they range continu- 
ously from basalts to dacites, rhyodacites and rhyolites [11, 12]. 

This study deals only with the post-caldera lavas from Nea Kameni. This island 
has resulted from several intermittent eruptions between 1570 and 1950 [11]. The 
Nea Kameni volcanics have holocrystalline or hypocrystalline porphyritic textures 
with phenocrysts and microphenocrysts of plagioclase, clinopyroxene, orthopy- 

Tablel. Modalanalyses(volume~)ofthe Nea Kamenirocks 

TH8 TH4 TH6 TH7 TH2 TH5 TH1 TH3 

Plg 18.4 17.2 15.2 11.4 13.9 17.7 10.8 10.9 
Opx 1.3 2.1 1.9 1.2 2.1 2.5 1.7 2.2 
Cpx 1.0 2.1 1.6 0.7 1.1 0.8 1.1 0.9 
Ox 1.2 1.7 1.2 0.7 1.1 2.3 1.0 1.1 
Gdm 78.1 76.9 80.1 86.0 81.8 76.7 85.4 84.9 

Pig = plagioclase, Opx = orthopyroxene, Cpx = clinopyroxene, Ox = 
oxide, Gdm= groundmass. 
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roxene and  Fe-oxides  set in a f ine-grained g r o u n d m a s s  which conta ins  a b u n d a n t  

plagioclase microlites. M o d a l  composi t ions ,  de termined by po in t  coun t ing  (Table 

1) show that  plagioclase is by  far the mos t  a b u n d a n t  phenocrys t  phase  fol lowed 

by pyroxenes.  Plagioclase  is general ly euhedral  and  var ious ly  twinned. Cl inopy-  

roxene, o r t h o p y r o x e n e  and  Fe-oxides  occur  as euhedral ,  subhedra l  to anhedra l  

crystals. Some of  the euhedra l  crystals m a y  represent  xenocrysts.  Finally,  xenocrysts  

of  resorbed  olivine, clearly no t  in equi l ibr ium with the liquid, are present  in a few 

samples. 

Experimental 
For the present study, eight samples, covering all the eruptions between 1570 and the present with the 
exception of the 1710 lava flows, were selected. 

Whole rocks were analyzed by conventional wet chemical techniques (Na20, MgO, P20~, FeO, 
L.O.I.) and by X-ray fluorescence using several international rock standards for sensitivity calibration. 
Precisions better than 5% for Rb and Sr and better than 10% for Zr, Y, Nb and Ni were obtained. 

The determination of the abundances of the major elements in the mineral phases and the 
groundmass was done at the Department of Earth and Planetary Science, Harvard University, with 
a Cameca MBX electron microprobe equipped with a Tracor Northern TN-1310 WDS system and 
operating at 15 kV and 15 nA. Corrections for matrix effects were done according to the method 
of Bence and Albee 1-13]. The groundmass was analyzed using a ~ 100/zm large beam to average over 
the small grains of the groundmass itself. For each sample, several areas were analyzed; since the 
measurements from all spots produced reproducible abundances, they were averaged and taken as 
representative of the groundmass composition. 

The same mineral phases and the groundmass were also analyzed with the external micro-PIXE 
facility at the Department of Physics, Queen's University. For these measurements, the thin polished 
sections were examined with protons of energy 2.7 MeV and a current of a few nA for 1000 seconds. 
The capability of performing the measurements in an external environment results in easier handling 
of the samples and a smaller risk of beam bombardment-induced damage to the sections. The samples 
were viewed from the rear with a microscope-camera so that it was possible to position the beam on 
a chosen phenocryst or groundmass area. 

In-situ, multielemental PIXE analysis has distinct advantages for the measurement of the ground- 
mass composition over traditional methods which involve mineral separation from the matrix or a 
"computational" approach based on the counting point analyses of the rocks 1-14]. It gives as good 
results as the latter 1-8] but is considerably less time consuming. To be effective, the more homogeneous 
and small-grain-sized areas of the groundmass must be measured with a beam, small enough in 
diameter to avoid hitting phenocrysts but large enough to determine the average composition. In these 
experiments, a beam of 200 #m diameter was chosen as the best compromise between these require- 
ments. Several spots on each sample of groundmass were analyzed. As the analyses showed good 
reproducibility, they were considered representative of the groundmass composition and averaged. 

Only phenocrysts with visible dimensions greater than 200 #m were selected for analysis with the 
hope that the depth of the phenocryst was at least greater than the range of 2.7 MeV protons 
which is approximately 60/~m in the phenocrysts. The beam diameter for these experiments was 
100/~m. 

Two Si(Li) detectors were used to observe the X-rays produced: one of size 13 mm 2 with a resolution 
of 150 eV FWHM at 5.9 KeV and without attenuator in front of it, observed the intense low energy 
X-rays from elements with atomic number Z > t2 and the second one of area 80 mm 2 with a resolution 
of 180 eV FWHM at 5.9 KeV and with an aluminum absorber to attenuate the intense low-energy 
X-rays. The latter was used to detect the lower-intensity, higher-energy X-rays from elements such as 
Rb, Sr, etc. A typical spectrum recorded with this detector is presented in Fig. 1 which illustrates the 
high sensitivity of the method. 
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Fig. 1. Typical X-ray spectrum referring to a PIXE measurement of a clinopyroxene from TH4 

The counting rates for each element in each spectrum were determined with a spectrum analysis 
program which utilizes a gaussian peak shape for each line in an element's spectrum and the X-ray 
relative intensities of Salem et al. [15] modified for any absorber positioned between the target and 
the detector. 

To convert the counting rates to concentrations, matrix effects were computed for the phenocrysts 
and the groundmass based on their major element composition determined with the electron micro- 
probe. For each element in the different matrices, the relative X-ray production was computed as 
outlined in MacArthur and Ma [1], employing the ionization cross sections of Cohen and Harrington 
[ 16], the fluorescence yields of Krause [ 17], the stopping powers of Andersen and Ziegler [ 18] and the 
relative line intensities of Salem et al. [15]. 

The product of the incident flux and the solid angle for each detector and each spectrum was 
determined from the counting rate of an intense line from an element of known concentration. For 
the detector recording the X-rays from the low atomic mass elements (up to and including Zn), the 
concentration of Si from the EMP analyses was used. For the bigger detector, the concentration of 
Fe, as deduced from the measurements with the smaller detector, was used. Thus, all concentrations 
have been determined relative to the concentration determined for Si in the EMP experiments. 

As a check on the correctness of this procedure, the concentrations of several elements determined 
with the small detector, such as K and Ca, could be compared to values known from EMP analyses. 
Although differences were observed, these were generally within the accuracy of the determinations 
which is about 10% because of uncertainties in the data-base and spectrum analysis program. 

Variations in the element concentrations from the several spots on the groundmass were less than 
10% for all the elements determined with the small detector. The statistical uncertainty with the larger 
detector was high in the single spectra; consequently, they were added together to improve the 
statistical precision of the elements of low concentration. Upper limits on the trace element concentra- 
tions in Table 5 correspond to a 99% confidence level. 

Results and Discussion 

T h e  m a j o r  a n d  m i n o r  ( >  0.1%) a n d  t r ace  ( <  1000 #g /g )  e l emen t  a b u n d a n c e s  o f  the  

r o c k s  (Table  2) f r o m  the  N e a  K a m e n i  p o s t - c a l d e r a  l avas  are  typ ica l  o f  t a l c - a l k a l i n e  
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Table 2. Major (wt%) and trace (,ug/g) element analyses of the Nea Kameni rocks 

445 

TH8 TH4 TH6 TH7 TH2 TH5 TH1 TH3 

SiO 2 64.3 64.6 65.0 65.2 65.4 65.5 65.9 66.4 
TiO2 0.71 0.85 0.82 0.83 0.81 0.79 0.81 0.75 

AIEO3 14,8 15.1 15.2 15.3 15.3 15.3 15.1 15.0 
FeO 4,3 5.4 5.0 5.1 4.9 4.9 4.9 4.6 
MnO 0.13 0.16 0.15 0.15 0.15 0.15 0.15 0.14 
MgO 1.2 1.5 1.4 1.4 1.4 1.4 1.2 1.3 

CaO 3.3 3.9 3.7 3.6 3.6 13.6 3.3 3.3 

Naz O 5.2 5.1 5.2 5.2 5.2 5.2 5.2 5.3 
K20  1.8 1.8 1.8 1.8 1,8 1.8 1.9 1.8 

P205 0.14 0.14 0.15 0.15 0,15 0,15 0.15 0.14 
L.O.I. 3.5 1.2 1.3 1.2 1.1 1,2 1.3 1.2 

Ni 3 4 4 3 3 3 4 4 
Rb 62 60 64 59 60 60 66 62 
Sr 153 167 167 167 166 163 157 156 

Y 34 36 37 36 34 36 38 37 
Zr 218 214 227 221 211 220 242 226 
Nb 8 8 9 8 7 8 20 9 

dacites. The composition of these lavas has remained approximately constant over 
a long period of time; in fact, the analyzed samples from the different eruptive cycles 
show a restricted range of composition (from 64.3 to 66.4 wt~  SiO2), as already 
observed by previous workers [19, 20]. 

Representative major element data for the mineral phases and the corresponding 
groundmass are given in Tables 3 and 4. The minerals show the composition 
typically found in minerals from the island arc rocks [-21, 22]. Significant differences 
in the composition of the minerals belonging to the different samples have not been 
detected. Plagioclases have only slightly variable anorthite content (43-57~) and 
they exhibit a not remarkable, normal or reverse zoning. Clinopyroxenes are always 
augitic in composition and they are practically unzoned. Orthopyroxenes show 
constant composition as well, ranging from 60~ to 64~ enstatite content. Also in 
this mineral, there is no noticeable zoning. Finally, the opaque minerals consist of 
Ti-magnetites. Xenocrysts of plagioclase, pyroxene, olivine and oxides are ubiqui- 
tous, displaying a different composition from that of the other phenocrysts. 

Some major element data from the whole rocks and the groundmass are reported 
in Fig. 2, which shows variation diagrams versus SiO 2 used as a differentiation index. 
As expected, larger silica contents are always observed in the groundmass than in the 
corresponding whole rocks. Variation trends however are similar for groundmass 
and whole rocks: A120 3, TiO 2, CaO, MgO and FeO decrease with differentiation 
whereas Na 20  and K 20  show an increase with silica despite the large scattering in 
the data. These trends are clearly related to the phenocrysts' separation during 
magma evolution. 

The measured trace element abundances in the phenocrysts from the Nea 
Kameni rocks are comparable with those generally found in similar island arc rocks, 
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Table 4. EMP major element analyses (wt%) of the groundmasses 

A. P. Santo et al. 

TH8 TH4 TH6 TH7 TH2 TH5 TH1 TH3 

SiO2 69.5 70.3 69.4 68.4 71.3 70.9 68.5 71.6 
TiO2 0.48 0.78 0.56 0.72 0.52 0.52 0.82 0.27 
AI20 3 15.1 14.1 15.4 15.3 14.3 14.7 14.8 15.3 
FeO 2.9 3.6 3.0 3.7 2.8 2.4 4.3 1.9 
MnO 0.14 0.14 0.12 0.10 0.11 0.06 0.12 0.08 
MgO 0.44 0.53 0.51 0.66 0.38 0.23 0.78 0.17 
CaO 2.7 2.4 3.0 3.1 2.4 2.5 2.9 2.7 
Na20  5.5 5.2 5.4 5.4 5.2 5.7 5.3 5.5 
KzO 3.2 2.9 2.6 2.6 2.9 2.9 2.6 2.5 

e.g. [7, 23]. Even though many values are given as limits only, the compositions of 
the same mineral phases from the different samples are in general agreement. The 
only discordant compositions are in the plagioclase of TH4 and the clinopyroxene 
and orthopyroxene of THS; furthermore, the concentration of the major elements 
in these minerals differs from that of the other phenocrysts suggesting that these 
grains are of xenocrystic nature. The presence of xenocrysts of all the main mineral 
phases within these rocks has been also observed by Barton and Huijsmans 
[19], who interpreted these xenocrysts as disaggregation products of the cognate 
xenoliths. 

The trace element composition of the groundmass displays only small differences 
among the analyzed samples. In comparison to the whole rock analyses, Ni and Nb 
abundances in the groundmass, although always below the detection limits of these 
experiments, are consistent with the low values found in the corresponding whole 
rock samples. Sr also shows a distinct decrease in the amount detected in the 
groundmass compared to the whole rock analyses. However, no difference is ob- 
served in the amount of Rb and Y between the groundmass and whole rock analyses. 
Finally, Zr content in the groundmass is comparable to that in the corresponding 
whole rock. 

Concluding Remarks 

The obvious application of these data is for the calculation of solid/liquid partition 
coefficients, Ks/l, for use in magmatological modelling. This coefficient is defined 
as the ratio of the element's abundance in the mineral to the abundance in the 
liquid phase from which the mineral crystallizes. In general, the Ks/l for each mineral 
phase depends on many parameters, temperature, pressure, 02 fugacity, etc., during 
mineral crystallization [24, 25]. However, when the element abundances in the 
mineral phases and the groundmass can be measured directly, these coefficients 
can be simply obtained as the ratio of the abundance in the phenocryst to that in 
the groundmass [26]. To be meaningful, the latter must be assumed to be a true 
record of the coexisting liquid phase at the time of mineral crystallization. Conse- 
quently, a kinetic equilibrium between phenocrysts and the coexisting groundmass 
must be assumed. 
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Table 5. Representative PIXE trace element analyses (/~g/g) 

A. P. Santo et al. 

Plagioclase 

TH8 TH4 TH6 TH7 TH2 TH5 TH1 TH3 

Ni <3 <3 <3 <3 <3 <3 <3 <3 
Cu 1 224 2 4 3 3 13 5 
Zn 11 < 5 14 17 8 14 27 23 

Rb <3 <3 <3 <3 <3 <3 <3 <3 
Sr 662 437 710 618 496 650 700 575 
Y <4 <4  <4  <4  <4  <4  <4  <4  
Zr <20 <20 <20 <20 <20 <20 <20 <20 
Nb <5 <5 <5 <5 <5 <5 <5 <5 

Clinopyroxene Orthopyroxene 

TH8 TH4 TH6 TH7 TH2 TH5 TH8 TH4 TH7 TH2 TH3 

Ni 45 <5 <5 <5 <5 <5 < 15 <15 < 15 < 15 17 
Cu <5 <5 <5 <5 <5 <5 <6  <6 7 <6 7 
Zn 21 96 88 87 100 86 254 262 276 260 312 
Rb - -  9 <8 <8 <8 <8 12 29 16 20 30 
Sr 17 52 18 14 22 �9 20 14 18 24 12 11 
Y 11 95 55 46 64 60 13 10 24 8 <5 
Zr 6 68 26 40 33 32 44 28 29 3 9 
Nb <10 <10 <10 <10 <10 <10 <8 <8 <8 <8 <8 

Groundmass 

TH8 TH4 TH6 TH7 TH2 TH5 TH1 TH3 

Ni <6  <6 <6 <6  <6  <6  <6  <6  
Cu 10 14 10 10 12 10 14 10 
Zn 80 66 64 72 64 66 80 66 
Rb 65 60 56 64 60 67 70 60 
Sr 95 110 102 114 116 104 118 110 
Y 40 39 36 35 32 32 37 34 
Zr 240 196 196 226 193 200 238 203 
Nb < 10 < 10 < 10 < 10 < 10 < 10 < 10 < 10 

* Xenocrysts. 

I n  t h e  p r e s e n t  s t u d y ,  t he  a n a l y z e d  p h e n o c r y s t s  s h o w e d  n o  p e t r o g r a p h i c  o r  

c h e m i c a l  ( E M P  a n a l y s e s )  e v i d e n c e  o f  z o n i n g ;  h e n c e  w e  c o n c l u d e d  t h a t  k i n e t i c  

e q u i l i b r i u m  e x i s t e d  b e t w e e n  the  m i n e r a l s  a n d  the  l i qu id .  L a c k  o f  z o n i n g  in  t h e  N e a  

K a m e n i  p h e n o c r y s t s  a l s o  m e a n s  t h a t ,  w i t h  t h e  l a r g e r  b e a m s  u s e d  fo r  P I X E  a n a l y s i s ,  

t h e  v a l u e s  o b t a i n e d  r e p r e s e n t  t h e  a c t u a l  p h e n o c r y s t ' s  c o m p o s i t i o n .  C l e a r l y ,  n o  
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Table 6. Representative trace element partition coefficients 
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Plagioclase 

TH8 TH6 TH7 TH2 TH5 TH1 TH3 

Cu 0.10 0.20 0.40 0.25 0.30 0.93 0.50 
Zn 0.14 0.22 0.24 0.13 0.21 0.34 0.35 
Rb < 0.05 < 0.05 < 0.05 < 0.05 < 0.04 < 0.04 < 0.05 
Sr 7.0 7.0 5.4 4.3 6.3 5.9 5.2 

Y <0.10 <0.11 <0.11 <0.13 <0.13 <0.11 <0.12 
Zr <0.08 <0.10 <0.09 <0.10 <0.10 <0.08 <0.10 

Clinopyroxene Orthopyroxene 

TH4 TH6 TH7 TH2 TH5 TH4 TH7 TH2 TH3 

Cu 0.36 0.50 < 0.50 < 0.40 < 0.50 < 0.40 0.70 < 0.50 0.70 
Zn 1.5 1.4 1.2 1.6 1.3 3.9 3.8 4.1 4.7 

RI~ 0.15 <0.14 <0.13 <0.13 <0.12 0.48 0.25 0.33 0.50 
Sr 0.50 0.18 0.12 0.19 0.19 0.16 0.21 0.10 0.10 
Y 2.4 1.5 1.3 2.0 1.9 0.26 0.69 0.25 <0.15 
Zr 0.30 0.13 0.18 0.17 0.16 0.14 0.13 0.02 0.04 

partition coefficient can be calculated in the case of xenocrysts due to a lack of 
knowledge of their coexisting liquid composition. Consequently, considerable care 
must be taken in analyzing rocks which contain grains of xenocrystic nature. 

Table 6 reports values of Ks/l obtained from the concentrations. With few 
exceptions the values are similar to those reported in the literature for minerals from 
the same type of rocks [7, 21, 22]. Generally, they fall in the range of Ks/~ used by 
Barton and Huijsmans 1-19] to model the crystal-liquid differentiation processes for 
the Nea Kameni rocks. However, since the K~/~ of Table 6 were obtained directly 
on those rocks, we suggest their use, instead of values of K~/I from the literature, in 
order to test the processes involved during the differentiation of the rocks studied. 

From the data reported it follows that the PIXE technique can be extremely 
suitable for the analysis of many trace-element abundances at concentrations as low 
as a few ppm. Moreover, the combined use of PIXE and EMP represents a particu- 
larly helpful procedure for the determination of major- and trace-element composi- 
tion of mineral phases and groundmass. 
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