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Abstract The origin and the relationships between the 
high potassic (HKS) and potassic (KS) suites of the 
Roman Comagmatic Province and the nature of their 
primary magmas have been intensively debated over 
the past 35 years. We have addressed these problems by 
a study of mineralogy (olivine Fo92-87, Cr-spinel and 
diopside) and melt inclusions in olivine phenocrysts 
from a scoria sample of Montefiascone (Vulsini area). 
This rock is considered as one of the most primitive 
(MgO = 13.5 wt%, NiO = 340 ppm; Cr = 1275 ppm) 
in the northern part of the Roman Comagmatic Prov- 
ince. The compositions of both the olivine and their 
melt inclusions are controlled by two main processes. 
In the case of the olivine Fo < 90.5, fractional crystalli- 
zation (olivine + diopside + minor spinel) was the 
principal mechanism of the magma evolution. The ol- 
ivine (Fo92 90.5) and the Cr-spinel (Cr#  = 
100. Cr/(Cr + A1)--63 73) represent a near-primary 
liquidus assemblage and indicate the mantle origin 
of their parental magmas. The compositions of melt 
inclusions in these olivine phenocrysts correspond to 
those of poorly fractionated H20-rich ( ~ 1 wt%) pri- 
mary melts (MgO = 8.4-9.7 wt%, F e O  t~  6 7.5 
wt%). They evidence a wide compositional range (in 
wt%: SiO2 = 46.5 50, K20 = 5.3-2.8, P205 = 0.4-0.2, 
S = 0 . 2 6  0.12; C1=0.05 0.03, and CaO/A1203-- 
0.8-1.15), with negative correlations between SiO2 and 
K20, A1203 and CaO, as well as positive correlations 
between K20, and P2Os, S, C1, with nearly constant 
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ratios between these elements. These results are dis- 
cussed in terms of segregation of various mantle-de- 
rived melts. The high and constant M g #  
[-100. Mg/(Mg + Fe2+)l 73-75 of studied melts and 
their variable Si, K, P, Ca, A1, S contents could be 
explained by the melting of a refractory lithospheric 
mantle source, heterogeneously enriched in phlogopite 
and clinopyroxene (veined mantle source). 

Introduction 

The Quaternary potassic magmatism of the subduc- 
tion-related Roman Comagmatic Province (RCP) was 
developed on the western branch of the Apennine 
chain. The northern part of this province offers a large 
compositional spectrum of volcanic rocks, from potass- 
ic (KS) and high potassic (HKS) series (Appleton 1972; 
Civetta et al. 1981; Peccerillo et al. 1984; Rogers et al. 
1985; Giannetti and Ellam 1994) to strongly Si-under- 
saturated larnite-normative rocks (Kamafugite; Pec- 
cerillo et al. 1988). The HKS group (K20/Na20 > 2; 
K20 > 3 wt%) includes Si-undersaturated rocks, from 
leucite basanite-tephritic leucitite to phonolite. The KS 
rocks (K20/Na20 = 0.5-2, K20 = 0.5 4 wt%) are 
represented by (nepheline/hypersthene/quartz norma- 
tive) silica under- to over-saturated rocks, from olivine 
K-basalt to alkali trachyte (Serri et al. 1993). The HKS 
and KS series are closely associated in time and space 
(Appleton 1972; Civetta et al. 1981; Conticelli and Pec- 
cerillo 1992; Giannetti and Ellam 1994). Low-pressure 
crystal fractionation has generally been invoked to 
account for the evolution within a series (Appleton 
1972; Civetta et al. 1981; Holm 1982; Holm et al. 1982; 
Peccerillo et al. 1984; Rogers et al. 1985), with possible 
additional processes such as crustal assimilation 
(Civetta et al. 1984; Conticelli et al. 1991), and magma 
mixing (Ferrara et al. 1986; Varekamp and Kalamar- 
ides 1989). 
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The different HKS and KS series were formerly 
discussed as derived from distinct parental magmas 
(Appleton 1972; Civetta et al. 1981; Peccerillo et al. 
1984) and debate about the nature of the primary 
magmas was extensively developed. The most primitive 
rocks of the RCP, and in particular, of the Vulsini area 
are considered by many authors as representative of 
near-primary melts (Holm et al. 1982; Varekamp 1979; 
Rogers et al. 1985; Varekamp and Kalamarides 1989; 
Coltorti et al. 1991; Conticelli and Peccerillo 1992), 
mainly based on such parameters as Mg # ,  Ni and Cr 
values, traditionally thought to be the reliable criteria 
of the primitiveness (e.g., Frey et al. 1978). However, 
this is not always a sufficient argument for proving the 
primary nature of the melt, especially taking into ac- 
count the fact that highly potassic melts probably can- 
not be derived from the mantle of a typical peridotite 
composition (Foley 1992a). It is also well known that 
the magma storage and crystallization, within magma 
chambers identified in most of the volcanic systems, 
often prevent the emission of primary melts, as recently 
discussed in Marianelli et al. (1994). Melt inclusions 
trapped in early mineral phases may give an access to 
the compositions of the primary melts and record the 
mechanisms of melting and melt segregation (Sobolev 
and Shimizu 1993, 1994). We present a systematic study 
of melt inclusions in olivine phenocrysts from a leucite- 
basanite scoria sample from Montefiascone (Vulsini 
area). These olivines are the most primitive among 
those reported in HKS and KS rocks (Ghiara and Lirer 
1977; Civetta et al. 1981; Peccerillo et al. 1984; Gian- 
netti and Ellam 1994) and particularly in Vulsini lavas 
(Holm et al. 1982; Varekamp 1979; Varekamp and 
Kalamarides 1989; Coltorti et al. 1991; Conticelli and 
Peccerillo 1992). 

Our data on the mineralogy and the melt inclusions 
demonstrate the broad compositional range of mantle- 
derived melts. Their implications for the relationships 
between potassic and high potassic Si-undersaturated 
rocks from the northern part of the RCP are discussed. 

Geological setting and sample description 

The Vulsini volcanic district covers about 2280 km 2 in the northern- 
most part of the Roman Comagmatic Province. It is composed of 
three main volcanic complexes (Bolsena, Montefiascone and Lat- 
era). The southern and south-eastern sectors of the district are 
mostly covered by the products of the Montefiascone Volcanic 
Complex. Several vents can be recognized in the area, related to 
some regional tectonic iineaments (NNW-SSE, WNW-ESE and 
EW; Coltorti et al. 1991) and to a polyphase calderic depression 
located in the SE corner of the Bolsena lake shoreline. A stratigra- 
phy of the products related to the activity of Montefiascone has been 
proposed by different authors (Varekamp 1979; Marini and Nappi 
1986; Cioni 1993). Coltorti et al. (1991) suggested that the Montefias- 
cone activity was coeval with that of the Latera Complex, ranging 
from 278 and 145 ks, with some controversies on the exact temporal 
range spanned by the Montefiascone products (Cioni 1993). 

The main phases of the Montefiascone volcanic activity may be 
summarized as follows: 
1. Effusive and strombolian activities resulting in leucititic lava :flows 
and scoria cones lined up on a WNW-ESE direction (Marini and 
Nappi 1986; Coltorti et al. 1991). 
2. Successive explosive eruptions, caldera coliapses, and emplace- 
ment of the Basal Montefiascone and Lava Drop ignimbrites 
(Marini and Nappi 1986), and of the Coste pyroclastic flow (Cioni 
1993). 
3. Effusive activity inside the Montefiascone depression and on its 
outer rims, deposition of lapilli beds related to strombolian activity 
of peri and intra-calderic scoria cones. 
4. Phreatomagmatic eruption (La Berlina ignimbrite) and emplace- 
ment of the final scoria cone of Montefiascone and the associated 
lava flow. 
Most of the Montefiascone rocks, defined as tephritic leucitites to 
leucititic tephrites (Coltorti et al. 1991), are characterized by leucite, 
clinopyroxene + olivine _+ plagioclase as phenocrysts. Magnesian 
olivine (Fo > 89) only occurs in leucite basanites (LBSN) and some 
tephritic leucitites (Coltorti et al. 1991). 

The investigated scoria (EBOL65) were collected from the final 
Montefiascone cone ( < 0.1 kin3). It is defined as a leucite basanite, 
with high MgO (13.5 wt%) and CaO (13.8 wt%) contents (Table 2), 
closely similar to the LBSN samples described by other authors 
(Rogers et al. 1985; Coltorti et al. 1991; Conticelli and Peccerillo 
1992). The phenocrysts (up to 4 mm in size) are olivine, rare Cr- 
spinel and clinopyroxene. Cr-spinel also occurs as inclusions in 
olivine. The groundmass, mainly glassy (Table 3) with quench crys- 
tals of clinopyroxene, rare olivine and spinel, reflects a rapid quench- 
ing. 

Minerals and melt inclusions 

Mineralogy 

Olivine phenocrysts range in composition from Fo92 to 
FosT.2 (Table 1). Some euhedral olivine crystals show 
concentric zones, particularly enriched in spinel inclu- 
sions, which outline the relict olivine interfaces. Profiles 
have indicated only limited compositional zoning (e.g., 
FO91.1-FO9o). The olivine (FoB 7.2) is in equilibrium with 
the matrix glass. The most magnesian olivines 
(Fo92-90.5) show a steep increase in both CaO 
(0.35 0.50 wt%), and MnO (0.1-0.2 wt%; Fig. la, b) as 
NiO decreases from 0.35 to 0.2 wt% (Fig. lc). For 
olivine (Fo < 90.5), there is a clear change in the behav- 
ior of these elements (Fig. la, b, c). Spinel is Cr-spinel, 
with C r #  [100.Cr/(Cr + A1)] varying from 63 to 73 
(Table 2; Fig. 2a). It is characterized by low TiO2 con- 
tent between 0.4 and 0.6 wt%, and its composition 
evolves with a significant decrease in the Fe2+/Fe 3+ 
ratio (2.5-1.5 wt%) as the olivine becomes Fe-richer 
(Fig. 2b). The clinopyroxene phenocrysts and micro- 
phenocrysts are poorly zoned diopsides [ M g #  = 
100. Mg/(Mg + Fe z+ ) = 92 88, Table 1, Fig. 3a), 
with A1203  positively correlated with T i O 2  (Fig. 3b), 
and negatively with SiO2 (Fig. 3c). Early diopside 
(Mg#91.7) has been analyzed as inclusion in olivine 
(Fo89.7). The clinopyroxene crystallization accounts for 
the slight decrease of the CaO content in olivine 
(Fo < 90.5; Fig. la). 
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Table 1 Representative 
compositions of olivine, spinel 
and clinopyroxene. (1-7 host 
olivine phenocrysts and their 
spinel inclusions, 8-14 olivine 
phenocrysts, 15 clinopyroxene 
inclusion in olivine (no 8); 16-20 
clinopyroxene phenocrysts) 

Olivine 1 2 3 4 5 6 7 

SiO 2 40.13 40.17 40.67 40.50 40.20 40.80 40.58 
FeO 7.98 8.09 8.18 8.24 8.44 8.87 9.15 
MnO 0.17 0.06 0.15 0.15 0.16 0.18 0.22 
MgO 50.00 50.14 49.89 49.40 50.03 50.26 49.86 
CaO 0.34 0.36 0.40 0.43 0.46 0.47 0.48 
NiO 0.27 0.32 0.25 0.18 0.22 0.21 0.19 
Total 98.89 99.14 99.55 98.89 99.51 100.78 100.47 
Fo 91.79 91.70 91.58 91.44 91.36 90.99 90.67 

Spinel 
TiO z 0.43 0.59 0.44 0.62 0.56 0.55 0.52 
A120 a 14.67 15.25 17.00 14.90 14.46 13.38 13.72 
Fe20 3 5.10 5.46 6.65 7.06 7.55 8.84 9.49 
FeO 12.23 12.02 12.21 12.61 12.65 13.52 13.13 
MnO 0.17 0.21 0.22 0.25 0.22 0.22 0.24 
MgO 14.55 14.99 14.62 14.40 14.30 13.95 14.15 
Cr20  3 52.75 52.23 48.13 50.20 50.30 51.24 50.20 
Total 99.89 100.75 99.27 100.03 100.05 101.70 101.46 

Mg # (a) 67.97 68.98 68.10 67.06 66.84 64.78 65.76 
C r #  (b~ 70.69 69.68 65.51 69.33 70.00 71.99 71.06 
Fe 2 +/Fe 3 § 2.67 2.44 2.04 1.98 1.86 1.70 1.54 

Olivine 8 9 10 11 12 13 14 
SiO 2 41.03 40.42 40.45 39.54 40.21 40.12 40.42 
FeO 9.92 9.26 9.53 10.05 11.00 11.49 12.33 
MnO 0.22 0.20 0.19 0.22 0.18 0.20 0.26 
MgO 48.77 49.36 49.44 49.02 47.91 47.42 47.23 
CaO 0.48 0.51 0.48 0.45 0.50 0.46 0.45 
NiO 0.2 0.15 0.21 0.13 0.20 0.16 0.18 
Total 100.62 99.90 100.30 99.41 100.00 99.85 100.87 
Fo 89.76 90.48 90.24 89.68 88.59 88.04 87.23 

Clinopyroxene 15 16 17 18 19 20 21 
SiO 2 54.80 54.32 54.08 53.88 52.89 52.38 51.64 
TiO a 0.17 0.21 0.26 0.29 0.40 0.46 0.57 
AIaO 3 1.47 1.93 1.99 2.50 2.80 3.91 4.80 
FeO 2.82 2.38 2.71 2.93 3.27 3.61 4.58 
MgO 17.39 17.78 17.56 17.18 16.82 16.13 15.27 
CaO 24.37 23.57 23.58 23.96 23.69 23.89 23.97 
NazO 0.15 0.15 0.13 0.12 0.13 0.11 0.09 
Total 101.16 100.33 100.31 100.87 100.00 100.48 100.92 

M g #  (a) 91.66 92.37 91.41 90.64 89.56 88.27 85.05 

a M g #  100 Mg/(Mg + Fe 2+) 
b C r #  100 Cr + A1) 

Melt inclusions Therefore, the measured compositions have been cor- 
rected for the post-trapping crystallization, adding ol- 

Olivine contains primary two-phase melt inclusions ivine component in the amount required for melt-oli- 
(glass and shrinkage bubbles). They have rounded to 
negative olivine shapes and may reach 150 jam in size. 
Melts show a broad range in composition, with MgO 
varying from 5.5 to 7.6 wt% (Table 2). Although the 
melt inclusions have preserved a glassy appearance 
without daughter crystals inside, their initial composi- 
tion may have been modified to some extent by a post- 
entrapment overgrowth of olivine. Such a process dras- 
tically affects the Mg # of the residual melt composi- 
tion, but does not change other element/oxide ratios of 
the trapped melt (e.g., CaO/A1203 or Na20/K20) .  

vine equilibrium using a numerical modelling of reverse 
olivine fractionation (program "Petrolog", L.V. 
Danyushevsky and A.V. Sobolev, personal commun- 
ication). The FeO content in the melt and the 
Fe2+/Fe 3§ ratio are critical parameters in this calcu- 
lation. 

The FeO content in melt inclusions is rather low 
(5.5-8 wt%), but close to those of the whole rock and 
the matrix glass (Table 2). The FeO in melt inclusions 
hosted by Fo > 90.5 increases from 5.5 to ~ 7 wt% 
as well as the CaO/A1203 ratio (0.8-1.15), for a Fo 
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Fig. la-c Variations of CaO, MnO, NiO versus Fo tool% in olivine 
phenocrysts and microphenocrysts of (EBOL65) scoria sample. 
Note the positive correlation of Fo with Ni and negative with Ca 
and Mn for olivine with Fo > 90.5 

decrease from 91.7 to 90.5 (Fig. 4a, c). In melt inclusions 
trapped in Fo < 90.5, FeO remains almost constant 
(7.4 8 wt%) and equal to that in matrix glass (Table 2). 
Therefore, the low FeO content is an inherent property 
of the magma. 

The Fe 2 +/Fe 3+ ratio in the melt was deduced from 
experimental data on Cr-spinel-silicate melt equilibria 
(Maurel and Maurel 1982) through the equation: 

1Oglo ( Fe2 +/Fe3 +)sp = 0.764 * log  1 o ( Fez  +/Fe3 +)malt -- 0.343 

The 2 + 3 + /l~emelt ranging from Fe /Femelt = 4.8 and Fe 2+~r 3+ 
4.8 to 9.3 have been assumed for the melts trapped in 
olivine Fo < 90.5 and Fo > 90.5, respectively 
(Fig. 2b). The estimation of Mg-Fe distribution coef- 
ficient KD has been based on the following assump- 
tions: 

1. Matrix glass composition is in equilibrium with the 
Fe-richest olivine Fosv.2; 
2. The Fe2 +/Fe 3+ ratio in the matrix glass is equal 4.8. 
The obtained KD = 0.27 appeared to be reasonable 
(Roeder and Emslie 1970), and it has been applied as 
a constant value for the recalculation of all melt inclu- 
sion compositions. In further presentation and dis- 
cussion only corrected compositions of melt inclusions 
will be used. 

The equilibrium olivine-melt "dry" temperatures were 
calculated for the melts in the most magnesian olivines, 
using Ford et al. (1983) model (Table 2), with a mean 
value at 1230 ~ C. 

Melt inclusions in olivine show a broad range in 
K z O / N a z O  (2-7.3) values and SiO2 (45.3-49.7 wt%) 
contents. However, the main variations, as illustrated 
by FeO (Fig. 4a), KzO (Fig. 4b) and CaO/A1203 ratio 
(Fig. 4c), concern the melts with similar MgO (8.4-9.7 
wt%) and M g #  (100 Mg/Mg + Fe 2+ = 73-75), and 
which are trapped in olivine with a narrow range of 
composition (F092-90.5). It has to be noted that the 
CaO/A12Oa ratio correlates positively with the CaO 
content of the host olivine (Fo > 90.5; Fig. 4d), and 
cannot be related to the clinopyroxene which crystal- 
lizes later. These melt inclusions plot, as a whole, in the 
field defined by Appleton (1972) for the Roman Prov- 
ince primitive lavas (Fig. 5a), and also they encompass 
the "undersaturated trend" proposed by Serri et al. 
(1993). It has to be noted that the melt inclusions with 
the lowest K20 (2.8 wt%) mark the transition between 
KHS and KS fields. All inclusions are characterized by 
low Na20 (0.9-1.5 wt%) and TiO2 ( < 0.8 wt%) con- 
tents, high K20 /Na20  (2-5) and K 20 / H 20  ( > 3) ra- 
tios. They define negative correlations between pairs of 
elements, K20-SiO2 (Fig. 5a) and A1203-CaO 
(Fig. 5b). Conversely, K20 is positively correlated with 
P2Os (Fig. 6a), S (Fig. 6b), C1 (Fig. 6c), and F (0.13-0.21 
wt%; unpublished data from N. M6trich) with nearly 
constant ratio between pairs of elements. Melts trapped 
in olivine Fo < 90.5 have more evolved compositions, 
with higher FeO (Fig. 4a), K20 (Fig. 4b) contents. The 
CaO/Al203 ratio rapidly decreases (Fig. 4c). 

The mineralogy and the melt inclusion data evid- 
ence two main groups, with a transition corresponding 
to the olivine Fo9o.5 (Fig. 4a-c). The melt inclusions in 
olivine (Fo < 90.5) have recorded later evolution that 
results from diopside-olivine-spinel crystallization, 
consistent with both CaO/AI203 and MgO decrease 
and K20 and P205 increase. Conversely, the melt 
inclusions in olivine (Fo > 90.5) are considered as 
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Table 2 Representative analyses of melt inclusions in olivine and compositions of whole rock, groundmass separates and matrix glass. 
Minerals were analyzed using SX50 electron microprobe (Camparis, Univ. Paris VI, Paris) at 40 nA, 20 s counting time; glass inclusions 
10 nA, 10 s and 20 s counting time for major elements; 30 nA, 30 s for C1, S, P and 15 gm beam diameter. Sulfur and chlorine were determined 
with 10% relative error at the level of l l 0 0 p p m  and 3300ppm, respectively (M6trich et al. 1993). Water was analyzed with Cameca 
ion-microprobe IMS3F (CRPG, Nancy, France). A negative primary ion beam of 2.5 to 5 nA intensity, a spot diameter of 20 gm, and an 
energy filtering of-80 + 5 eV were used. Count rates were normalized to 3~ peak. The 27A1/3osi ratio was also measured to control any host 
mineral contamination. The calibration curve between w t % H 2 0 / w t % S i O  2 and 1H/3~ ratio was obtained on glass standards containing 
between 0.19 and 5.03 wt% H 2 0  (A. Sobolev and M. Chaussidon submitted), with 20% relative error on H 2 0  measurement. (n.d. not 
determined) 

Melt inclusions" Matrix gl. b Gdm. c W.R. a 

Sample 36 18 31b 27 s4/2 13 35 13-48a 13-120 18 43b 18 43a s6 sl s5 

SiO 2 48.07 47.18 47.10 48.86 48.55 49.48 48.62 50.33 50.62 48.81 48.77 48.74 
TiO 2 0.70 0.80 0.70 0.78 0.80 0.50 0.78 0.78 0.79 0.80 0.82 0.76 
A120 3 14.83 13.40 14.09 13.01 13.37 14.82 13.79 14.75 13.70 15.33 13.83 14.30 
FeO 7.59 7.38 7.25 6.59 6.63 5.88 5.95 5.84 6.18 5.84 6.50 5.81 
MgO 6.37 7.56 6.90 7.19 6.98 6.61 6.76 6.52 6.67 5.44 7.21 6.87 
CaO 13.40 13.92 14.51 14.16 15.20 12.98 14.12 14.22 14.95 14.44 13.38 13.54 
N a 2 0  1.53 1.34 1.32 1.55 1.43 1.21 1.33 1.67 1.47 1.32 1.20 1.53 
K 2 0  5.13 5.03 5.05 3.79 3.79 5.55 4.50 3.41 3.02 3.81 4.40 4.61 
P205 0.34 0.39 0.39 n.d. 0.29 0.39 0.38 0.25 0.24 n.d. 0.38 0.35 
Total 97.96 97.00 97.32 95.91 97.03 97.42 96.22 97.79 97.62 95.79 96.47 96.50 
C1 n.d. 0.039 n.d. n.d. 0.032 0.037 0.047 0.031 0.026 n.d. 0.036 0.040 
S n.d. 0.248 n.d. n.d. 0.152 0.172 0.188 0.120 0.116 n.d. 0.195 0.175 
H 2 0  0.93 1.16 1.1 1.31 0.72 0.72 1.28 0.9 n.d. 0.98 0.81 1.03 

Host olivine 
SiO 2 40.21 40.30 40.17 41.75 40.88 40.33 40.13 40.58 40.79 41.58 40.85 41.41 
FeO 11.00 9.27 8.97 8.63 8.58 8.40 8.29 8.38 8.28 8.24 8.23 8.12 
MnO 0.18 0.16 0.19 0.19 0.18 0.15 0.15 0.18 0.15 0.15 0.11 0.11 
MgO 47.91 49.40 49.81 50.05 49.79 49.97 49.59 50.43 50.39 50.31 50.29 50.10 
CaO 0.50 0.52 0.50 0.43 0.51 0.39 0.41 0.39 0.43 0.37 0.40 0.40 
NiO 0.20 0.14 0.27 0.27 0.21 0.26 0.29 0.27 0.22 0.30 0.28 0.23 
Total 100.00 99.79 99.91 101.32 100.16 99.49 98.85 100.22 100.26 100.94 100.16 100.37 
Fo 88.59 90.48 90.82 91.18 91.18 91.38 91.43 91.47 91.56 91.59 91.59 91.67 

Recalculated melt inclusions" 
SiO 2 47.79 46.90 46.71 48.46 48.12 49.09 48.19 49.83 49.99 48.13 48.28 48.33 
TiO 2 0.68 0.77 0.67 0.74 0.76 0.48 0.74 0.74 0.74 0.74 0.78 0.73 
A120 3 14.4 12.93 13.33 12.42 12.68 14.2 13.09 14.01 12.85 14.07 13.02 13.6 
Fe20 3 1.47 1.43 1.34 0.99 1.00 0.83 0.77 0.77 0.80 0.76 0.85 0.71 
FeO 6.37 6.17 6.19 5.80 5.85 5.25 5.40 5.30 5.63 5.44 5.87 5.30 
MgO 7.50 8.94 9.11 9.05 9.13 8.38 8.91 8.68 9.30 9.03 9.66 8.94 
CaO 13.01 13.44 13.73 13.52 14.41 12.43 13.4 13.5 14.02 13.25 12.6 12.88 
N a 2 0  1.49 1.29 1.25 1.48 1.35 1.16 1.27 1.59 1.38 1.21 1.13 1.46 
K 2 0  4.98 4.85 4.78 3.62 3.59 5.31 4.27 3.24 2.83 3.50 4.15 4.39 
PzOs 0.33 0.38 0.37 n.d. 0.27 0.38 0.36 0.24 0.23 n.d. 0.35 0.33 
T~ e 1192 1230 1235 1220 1223 1221 1219 1214 1225 1214 1242 1227 

47.99 0.42 47.15 47.53 
0.78 0.04 0.66 0.69 

15.53 0.43 12.45 11.23 
7.40 0.17 6.82 7.37 
6.47 0.22 11.2 13.46 

14.19 0.27 14.36 13.8 
1.72 0.13 1.32 1.19 
5.07 0.12 3.73 3.21 
0.41 0.03 0.31 0.19 

99.57 98.00 98.67 
0.030 Ni 218 341 

Cr 1046 1276 

a Melt inclusions in olivine before and after recalculation (see text for details) 
b Matrix glass: average of 14 points, and standard deviation (s) 
c Gdm: groundmass separates (ICP; CRPG, Nancy) 
a W.R. whole rock (EBOL65; Cioni 1993) 
e Toc: calculated temperatures of olivine - anhydrous melt equilibria (Ford et al. 1983) 

representative of primary magmas in equilibrium with 
early olivine-spinel paragenesis. 

Discussion 

Continuous spectrum of primary melts 

Various types of lavas (with high Mg# ,  Ni and Cr 
values) have been discussed as a possible equivalent of 

the primary magmas. For example, in the Vulsini area, 
leucite-basanite (LBSN; MgO = 10-13 wt%, Ni = 
180-260 ppm, Cr = 60~900  ppm, and similar to the 
studied sample EBOL65) is considered as the best can- 
didate for an unfractionated mantle-derived magma 
(Cundari and Le Maitre 1970; Rogers et al. 1985; 
Varekamp and Kalamarides 1989). Mg-leucitites and 
leucite-tephrites (MgO ~ 9 wt%; CaO = 13-14 wt%) 
were also discussed as representative of the parental 
magmas of the HKS series of Vulsini area (Civetta et al. 
1984, Rogers et al. 1985; Ferrara et al. 1986; Conticelli 
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Fig. 2a, b Relationships between olivine phenocrysts and their Cr- 
spinel inclusions, a Olivine-spinel mantle array (stippled area) from 
Arai (1987); MORB field from V. Kamenetsky and A.J. Crawford 
(unpublished data) and Arai (1992, 1994); b The Fe z +/Fe 3+ ratio of 
spinel is calculated on the basis of stoichiometry 

and Peccerillo 1992). On the other hand, Appleton 
(1972) considered the parental magmas to be certainly 
more basic than the most primitive rocks. 

It has to be noted that these rocks may be aphyric 
(e.g., Civetta et al. 1984) to slightly porphyric or most 
likely cumulative (e.g., rocks with MgO ~ 14 wt%) and 
that only HKS primitive rocks were recognized in the 
Vulsini area (Rogers et al. 1985; Civetta et al. 1984; 
Coltorti et al. 1991; Conticelli and Peccerillo 1992, 
Cioni 1993). Conversely, in the other parts of the RCP, 
(e.g., Roccamonfina, Appleton 1972; Giannetti and El- 
lain 1994; or Ernici, Civetta et al. 1981), the rocks with 
high Mg # have been found to belong to the KS group 
only. Coltorti et al. (1991) suggested that some rocks 
that have MgO = 8.5 9.2 wt% and contain high-mag- 
nesian olivine (Fo88-91) "may represent near-primary 
compositions which have suffered only slight degrees of 
differentiation". 

Our data record Cr-spinel as the only liquidus 
phase crystallized together with olivine ( F o 9 2 -  9o.5), as 
the clinopyroxene appeared later. The compositions of 
the most primitive olivine and Cr-spinel from the 
(EBOL65) scoria are within the mantle array defined by 
Arai (1987) for spinel lherzolites and spinel harzbur- 
gites (Fig. 2a) and indicate unambiguously the mantle 
origin of their parental melts. Accordingly, melts trap- 
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Fig. 3 Compositions of the clinopyroxene phenocrysts and micro- 
phenocrysts in scoria EBOL65, arrow points to clinopyroxene inclu- 
sion in olivine (Table 1, no. 15) 

ped by these mineral phases should represent primary 
melts. Relatively low abundance of MgO (8.4-9.7 wt%) 
coupled with extremely low FeO* (total Fe as FeO) 
values (6 7.5 wt%) governs the high "primary" M g #  
(73-75) of studied melts. Their high CaO/A1203 ratios 
(1.15 0.8), also indicate their unfractionated nature. 
Moreover, neither the range in composition of melts in 
olivine (F092-9o.5; Fig. 4) nor the SiO2-K20, A1203- 
CaO negative correlations at almost constant M g #  
(Fig. 5) can be explained by any crystallization process. 
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These results testify to the existence of a continuous 
spectrum of primary melts. 

Independent support for this assertion comes from 
evaluation of trace element (Ca, Ni, Mn) systematics in 
olivine (Fo92-90.5). Positive correlation of Fo with Ni 
and negative with Ca and Mn is a typical feature of 
high-magnesian olivine formed by fractional crystalli- 
zation (Fig. 1), but usually these trends are not so 
dramatically steep (Sigurdsson et al. 1993) as in the case 
of Vulsini olivine. The positive correlation between 
CaO in Vulsini rocks and olivine phenocrysts has also 
been noticed by Holm (1982), who explained this de- 
pendence by the dominant effect of calcium in the 
magmas. The partitioning of trace elements between 
silicate melt and olivine still remains poorly studied, 
though it is believed that Ca content in olivine is 
strongly dependent on calcium (Jurewicz and Watson 
1988; Watson 1979) and iron (Jurewicz and Watson 
1988) in the melt. Ignoring other parameters, such as 
pressure and temperature of crystallization, which are 
supposed to be similar for all studied olivines, it is 
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worth noticing that strong positive correlations of CaO 
in olivine Fo92-9o.5 with CaO/AI203 and FeO* in the 
melts (Fig. 4a, b, d) support the experimental data and 
clearly reflect the actual variations in the composition 
of the crystallizing melts. 

Mineralogy and melt inclusion data thus show the 
existence of different primary melts. They lie on the 
same trend of 8i02 versus K20 (Fig. 5a) as the primi- 
tive rocks considered by many authors as "near-liquid" 
compositions (e.g. Appleton 1972). They also belong to 
the "undersaturated trend" (group II, defined by Serri 
et al. 1993), which contains all the relatively primitive 
KS, HKS and ultra-potassic (kamafugite) rocks. There- 
fore, our main conclusion is consistent with the as- 
sumption of other authors (Appleton 1972; Varekamp 
1980) that the initial differences in a parental composi- 
tion resulted in high compositional variability of rocks 
of the northern Roman Province. 

Mixing between different magmas similar in com- 
position to HKS and KS rocks was proposed on the 
basis of general chemical and isotopic constraints (e.g., 
Ferrara et al. 1986). The same conception has been also 
suggested by Civetta et al. (1981), but they criticised it 
themselves on account of compositional gap between 
the two series. Compositions of melt inclusions, plotted 
on SiO2 versus K20 (Fig. 5a), are consistent with the 
"mixing line" of possible parental magmas which was 
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line marks the general field for all rocks of the RCP; all fields are 
from Appleton (1972) 

tentatively proposed by Appleton (1972). The olivine 
K-basalts (Appleton 1972; Civetta et al. 1981; Gianetti 
and Ellam 1994) and ultra-K leucite-olivine melilitite 
(kamafugite) from San Venanzo (Holm et al. 1982; 
Conticelli and Peccerillo 1992) could represent the end- 
members on this mixing line, and they outline the trend 
consistent with Vulsini primary melts on the plot CaO 
versus A1203 (Fig. 5b). However, the KS primitive 
rocks from other volcanic complexes are different in 
trace element systematics and in having lower SiO2 and 
K 2 0  (e.g., Roccamonfina; Gianetti and Ellam 1994) 
than Vulsini rocks and melts respectively. Thus, the 
proposed end-members are not adequately applicable 
to the petrogenesis of rocks from RCP on the whole. 

Our data demonstrate that highly variable primary 
melts can be emitted during a single, volumetrically 
small eruption. These melts are characterized by very 
high M g #  ( >  70) and low TiO2 (0.6 0.8 wt%) and 
N a 2 0  (0.9-1.5 wt%) contents, as are the most primitive 
HKS and KS rocks which are also closely associated 
with each other, both in space and time (e.g., Coltorti 
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et al. 1991). The independent support of close genetic 
relationships between melts parental for kamafugite, 
HKS and KS of the Vulsini area comes from the assess- 
ment of isotope and trace element data (e.g., Holm and 
Munksgaard 1982; Conticelli and Peccerillo 1992), 
which show the similarity of Sr isotope ratios and 
trace element patterns for all the above mentioned 
rocks. 

Consideration of primary melts as a continuous 
spectrum may shed light on further evaluation of the 
genesis of primary melts, especially in interpretation of 
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the compositional spectrum of rocks from the Vulsini 
area and the northern part of the Roman Province. 

Implications for the mantle source 

There is a general consensus that the compositional 
diversity demonstrated by the most primitive rocks of 
northern Roman Province is due to the melting of 
a heterogeneous source. This is traditionally considered 
to be a mantle peridotite, which contributes the vol- 
umetric mass of magmas, plus a subduction-related 
component(s) (either H20-bearing fluid or/and silicate 
or carbonatite melt) which supplies the bulk of incom- 
patible and volatile elements. 

As we deal with the primary melt, that is a melt, that 
has not experienced any changes since the last equili- 
bration with the mantle source, we can exclude from 
the consideration assimilation of crustal material by 
magmas en route to the surface. Therefore, their geo- 
chemical features may be applied directly to the charac- 
terization of the mantle source region, the nature of 
enrichment and the processes of melting. 

Evaluation of Ta/Yb (Rogers et al. 1985) or Nb/Y 
and Nb/Zr (Serri 1990) ratios lead these authors to 
conclude that pre-enriched mantle source beneath the 
Roman Province resembles that of MORB(Mid- 
ocean-ridge basalt)-type mantle. The low TiO2 and 
especially Na20  contents of the Vulsini primary melts 
suggest a very depleted mantle source, which could 
have been even more depleted prior to the meta- 
somatism. Mineralogical data demonstrate that olivine 
is as Fo-rich as in the most primitive MORBs (Fig. 7) 
and that spinels are more enriched in Cr203 and de- 
pleted in AlzO3 than those of MORBs (Fig. 2a). How- 
ever, the calculated temperature of crystallization of the 
Vulsini primary melts is significantly lower than that of 
typical OIB (ocean-island basalt) or MORB and akin 
to the temperature of kamafugite of the East African 
rift (Fig. 7). We therefore conclude that the mantle 
source, prior to enrichment, was cold, refractory litho- 
spheric mantle. 

The origin and composition of the subduction-re- 
lated component which caused the mantle metaso- 
matism have been extensively debated. A few remarks 
regarding this matter should be made: 

1. The continuous compositional spectrum between 
KS and HKS melts, as demonstrated on the basis of 
melt inclusions, their coexistence within a single vol- 
canic event, and even the geochemical similarity be- 
tween KS and HKS rocks (e.g., Conticelli and Pec- 
cerillo 1992), reinforce the idea that the observed chem- 
ical differences between these melts do not necessarily 
reflect different processes of enrichment (Rogers 1992). 
2. The enrichment of the mantle source in potassium 
and related elements is probably accompanied with the 
addition of calcium (Serri et al. 1993; Conticelli and 
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Fig. 7 Comparison between temperature of the Vulsini primary 
melts and crystallization temperatures of other mantle-derived 
melts. Temperature for Vulsini is the average temperature of cal- 
culated olivine (Fo > 90.5)-anhydrous melt equilibria (Table 2). 
Taking into account 1 wt.% H20 content (Table 2), this average 
"dry" temperature 1230 ~ C is reduced to 1200 ~ C (Danyushevsky et 
al. 1992). The trends (I-X) represent Fo-temperature relationships 
(Sobolev et al. 1989a) revealed from homogenization experiments 
with melt inclusions in olivine. I ultramafic volcanics (meymechites) 
from Siberia (Sobolev et al. 1992), I I  Hawaiian tholeiites (Sobolev 
and Nikogosian 1994), I I I  oceanites from Reunion, Indian Ocean 
(Sobolev and Nikogosian 1994), I V  MOR tholeiites from FAMOUS 
area, Atlantic Ocean (V. Kamenetsky unpublished data), V MOR 
tholeiites from Vema Fracture zone, Atlantic Ocean (Sobolev et al. 
1989b), V1 alkaline basalts from Iceland (Gurenko et al. 1992a), VII  
tholeiites from Iceland (Gurenko et al. 1988, 1991), VII I  Na-alkaline 
basalts from East African rift (Gurenko et al. 1992b), I X  kamafugites 
from East African rift (Gurenko et al. 1989), X lower pillow lavas 
(LPL) of Troodos, Cyprus (Portnyagin et al. 1993) 

Peccerillo 1992), resulting in an unusually high Ca/A1 
ratio of the melts well above those in any known 
MORBs composition. From low Na20 and TiOz 
abundances in both HKS and KS melts we anticipate 
that these elements were not much introduced via the 
metasomatic agent. 
3. The apparent enrichment of magmas in K20, H20 
and CaO, led many authors to propose a phlogopite- 
clinopyroxene bearing mantle source (Conticelli and 
Peccerillo 1992; Beccaluva et al. 1991; Foley 1992a, b; 
Holm et al. 1982; Rogers et al. 1985; Rogers 1992; Serri 
et al. 1993). This is also supported by the finding of 
mica-pyroxenite nodules in lavas of the Roman Prov- 
ince (Appleton 1972; Cundari and Le Maitre 1970; 
Varekamp 1983). These minerals are believed to repres- 
ent the products of mantle metasomatism (e.g., Wyllie 
and Sekine 1982) caused by interaction with subduc- 
tion-related or lithospheric fluids or/and melts. While 
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these non-peridotitic mineral assemblages are presum- 
ably distributed within restricted areas in the mantle 
(e.g., veins), they are responsible for the mantle in- 
homogeneity and, therefore, for the variety of primary 
liquids produced by melting of such a mantle. 

The model of melting of a veined mantle, recently 
discussed by Foley (1992b), is able to explain the com- 
positional features of Vulsini primary melts. According 
to this model, the melting begins in the Cpx + Phi- 
bearing veins ("V-component") due to high concentra- 
tion of incompatible elements and volatiles, producing 
magmas unusually enriched in potassium and LIL ele- 
ments, as well as volatiles and Ca, but Si-under- 
saturated. As melting proceeds, very small fractions of 
melt can escape and rise to the surface to form HKS 
rocks. The other batches of initially or subsequently 
produced melts penetrate wall-rock peridotite ("W- 
component") and gradually change their composition 
as a result of peridotite dissolution and extraction of 
more refractory "peridotitic" components. The further 
melting and decreasing of vein/wall-rock ratio would 
be followed by dilution of originally enriched melts and 
their shifting toward more common basaltic composi- 
tion (KS melts). It is worthwhile to emphasize that all 
melts formed, despite the difference in extent of interac- 
tion with wall peridotite, should be still in equilibrium 
with their mantle source (i.e., melt Fe/Mg ratios should 
be fully buffered by residual olivine, according to B6- 
dard 1989) and retain the features of primary melts. The 
Vulsini HK and K melts, as well as a kamafugite from 
San Venanzo (Holm and Munksgaard 1982; Conticelli 
and Peccerillo 1992) are in equilibrium with high-mag- 
nesian olivine up to Fo92, and thus, very likely with the 
source mineralogy. 

Due to very low Sr content in the wall-rock perido- 
tite, the effect of Sr dilution in the melt will have very 
little influence on Sr isotope ratios. This conclusion is 
very consistent with the STSr/S6Sr ratios (0.710-0.711) 
similar in HKS, KS rocks and kamafugite from Vulsini 
area (Holm and Munksgaard 1982; Conticelli and Pec- 
cerillo 1992). 

On the other hand, the processes of dilution, result- 
ing in the observed correlations between K20 and 
P2Os, C1, S (Fig. 6), or LIL elements (e.g., Conticelli 
and Peccerillo 1992) and SiO2 (Fig. 5a), mainly support 
the vein-peridotite melting mechanisms in the origin of 
potassic melts, as proposed by Foley (1992b, 1993). 

Conclusions 

1. The exceptionally primitive compositions of olivine 
and spinel, from the LBSN scoria (Montefiascone, Vul- 
sini area), manifest the primary nature of melts trapped 
by these phenocrysts. 
2. The compositions of the primary melts define a con- 
tinuous trend between the most primitive HKS and KS 
Si-undersaturated rocks. 

3. The existence of such a diversity of primary melts, 
within the same area and the same eruption, testifies to 
their segregation from the same metasomatized refrac- 
tory mantle source. Their possible mixing, after segre- 
gation, can be considered as an additional process 
responsible for the broad diversity of the rocks from the 
nothern part of the Roman Province. 
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